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THEME 


The  Symposium  was  addressed  to  research  scientists  and  development  engineers  for  aero  engines  in  order  discuss  the  state- 
of-the-art  and  to  be  informed  on  new  measurement  possibilities.  The  scope  included  CARS,  laser  anemometry,  pyrometry, 
clearance  measurement  including  X-ray,  high  speed  data  acquisition  and  processing,  stress  measurement  and  vibration  and 
thin  layer  technique,  unsteady  and  transient  phenomena,  and  future  prospects.  The  Symposium  was  organized  in  six  sessions 
mostly  followed  by  discussion  periods  in  order  to  exchange  experience  in  detail.  For  each  session,  a  'Rapporteur'  prepared  a 
technical  evaluation  report  and  edited  the  discussions  for  inclusion  in  the  Conference  Proceedings.  After  most  of  the 
sessions,  there  was  a  short  verbal  evaluation  by  the  Rapporteur. 

*  *  * 


Ce  Symposium  s’ad<  ressait  aux  chercheurs  et  ingenieurs  de  developpement  concemes  par  les  moteurs  d’aeronefs:  son 
but  etait  d’examiner  I’etat  de  l'art  et  de  donner  des  informations  sur  les  nouvelles  possibility  de  mesure.  Le  programme 
englobait  la  SRAO’),  l’anemometrie  laser,  la  pyrometrie,  la  mesure  des  jeux  (en  particular  par  rayons-X),  ('acquisition  et  le 
traitement  a  haute  rapidite  des  donnees,  la  mesure  des  contraintes  et  les  techniques  relatives  aux  vibrations  et  pelliculaires, 
les  phenoraenes  instationnaires  et  transitoires,  ainsi  que  les  perspectives  d’avenir.  Le  Symposium  comportait  six  sessions, 
I’accent  etant  mis  sur  les  temps  de  discussion  qui  permettent  aux  participants  d'echanger  en  detail  leur  experience.  Pour 
chaque  session,  un  ‘Rapporteur’  a  prepare  un  rapport  devaluation  technique  et  a  fait  paraitre  le  texte  des  discussions  qui  est 
inclus  dans  les  Actes  du  Symposium  (Conference  Proceedings).  La  Rapporteur  a  fait  une  breve  evaluation  verbale  apres  la 
plupart  des  sessions. 


( 1  )SRAC  Spectroscopic  Raman  Anti-Stockes  Coherente. 

L  expression  franchise  est  DRASC:  Diffusion  Raman- Anti -Stokes  Coherent 
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TECHNICAL  EVALUATION  REPORT 

SESSION  I  -  COHERENT  ANTI  STOKES  RAMAN  SPECTROSCOPY  (CARS) 


by 


R.B.Price 
Rolls  Royce  pic 
P.O.  Box  32 
Derby  DE2  8BJ,  UK 


SUMMARY 

The  session  on  CARS  at  the  67th  PEP  meeting  successfully  achieved  the  objectives  of  reviewing  the  present  status  of  its 
development  as  a  diagnostic  method  and  enabling  its  capability  and  applicability  to  be  assessed.  The  main  conclusions  may 
be  summarised  as  follows: 

CARS  is  a  powerful  diagnostic  method  for  both  basic  combustion  studies  and  flows  of  practical  importance.  It  has 
demonstrated  applicability  to  a  wide  range  of  practical  devices.  Temperature  measurement  by  CARS  is  at  an  advanced  stage 
of  development.  Measurement  accuracy  capability  has  been  established  at  <  ±  1 .5%  for  time  averaged  measurements  and 
±  3—6%  for  instantaneous  measurements  over  a  wide  range  of  temperatures  and  pressures  in  nitrogen.  Improvement  in 
spectral  quality  and,  possibly,  refined  analysis  techniques  are  required  to  improve  the  precision  of  instantaneous 
measurements.  CARS  measurement  of  species  concentration  is  at  a  less  advanced  state  and  sensitivity  is  currently  limited  to 
>  1—5%  in  practical  systems.  Most  major  species  of  interest  in  combustion  can  be  measured,  with  the  notable  exception  of 
hydrocarbons.  Spectroscopic  data  needs  to  be  refined  and  better  “in-situ"  referencing  schemes  developed  to  improve  the 
measurement  accuracy. 

For  practical  applications  CARS  still  has  some  severe  limitations  at  present,  particularly  its  low  data  acquisition  rate. 
Other  problems,  such  as  beam  steering  or  beam  attenuation,  could  also  limit  its  range  of  applicability  in  practical  flows. 


1.  INTRODUCTION 

Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS)  has  aroused  considerable  interest  over  the  last  decade  or  so 
because  of  its  capability  for  making  non-intrusive  “in-situ"  measurements  of  temperature  and  major  species  concentrations 
with  good  spatial  and  temporal  resolution  in  flow  systems.  It  has  particular  attraction  for  making  such  measurements  in  the 
hostile  and  demanding  environments  presented  by  practical  combustion  systems.  For  these,  CARS  has  distinct  advantages 
either  in  signal  strength  or  background  rejection  capability  compared  with  competing  techniques  such  as  spontaneous 
Raman  or  Rayleigh  scattering. 

This  continuing  strong  interest  in  CARS  and  its  growing  stature  and  maturity  was  reflected  in  the  decision  to  have  a 
whole  day  session  at  the  67th  PEP  meeting  devoted  to  the  subject.  It  was  fitting  that  two  scientists  who  have  been  largely 
responsible  for  bringing  CARS  to  its  present  state  of  prominence  should  be  co-chairmen  for  the  session.  Dr  A.C.Eckbrelh, 
from  United  Technologies  Research  Centre,  took  the  chair  for  the  morning  session  and  Dr  J.P.Taran  from  ONERA,  whose 
pioneering  work  in  the  mid-seventies  inspired  much  of  the  subsequent  interest  in  the  subject,  chaired  the  afternoon  session. 

Five  formal  papers  by  eminent  workers  in  the  field  (Refs.  1  —5)  were  presented.  In  addition  each  co-chairman  gave  a 
brief  information  presentation  (Refs.6— 7).  Finally,  a  round  table  discussion  (Ref.8)  was  held,  with  Dr  Taran  as  Chairman,  at 
which  members  of  the  audience  were  invited  to  pose  questions  and  comments  to  a  panel  consisting  of  his  co-chairman  and 
the  five  speakers  at  the  formal  session. 

Four  of  the  formal  papers  (Refs.  1  —4)  were  concerned  almost  exclusively  with  the  use  of  CARS  for  thermometry. 
Species  concentration  measurements  were  only  discussed  in  Ref.5  although  Dr  Eckbreth  in  his  informal  presentation  also 
described  some  interesting  recent  work  relating  to  such  measurements  carried  out  by  himself  and  co-workers  at  UTRC.  This 
bias  towards  thermometry  in  the  presentations  fairly  reflects  the  activity  and  state  of  the  art  in  the  two  measurement  areas. 
Thermometry  is  at  a  more  advanced  stage  of  development  than  species  concentration  measurement,  a  situation  possibly 
dictated  by  the  priority  needs  of  the  engineering  community  but  also  largely  governed  by  the  relative  difficulties  of  making 
the  two  measurements. 

It  is  not  the  intention  in  this  report  to  summarise  and  evaluate  each  paper  separately,  instead,  the  presentations  and  the 
post  paper  and  round  table  discussions  are  considered  collectively.  On  this  basis,  current  CARS  practice  and  recent 
developments  are  assessed,  and  outstanding  limitations  and  problems  are  highlighted.  Finally,  the  conclusions  drawn  and 
recommendations  made  for  further  work  are  summarised. 
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2.  BASIC  CARS  METHOD  AND  CURRENT  PRACTICE 

In  CARS,  laser  beams  at  two  frequencies  w,  (pump  laser)  and  w2  (Stokes  laser)  undergo  optical  wave-mixing  ano 
interact  via  the  third  order  non  linear  susceptibility  of  the  medium  to  produce  a  coherent  laser-like  signal  beam  at  the  higher 
anti-Stokes  frequency  wu  —  2w(  —  w2.  This  signal  is  resonantly  enhanced  when  the  frequency  difference  between  the  two 
beams  coincides  with  that  of  a  Raman-active  molecular  transition  of  a  constituent  species  of  the  medium.  By  varying  this 
frequency  difference  various  transitions  in  a  given  spectral  band  can  be  accessed  and  the  CARS  spectrum  generated. 

For  phase  method  monochromatic  input  beams,  the  CARS  spectral  signal  intensity  1„  is  given  by 

I„  ocIp2 .  I, .  L2 .  |3  *3>|2 

where  Ip  and  I,  represent  the  pump  and  Stokes  laser  beam  intensities  in  their  region  of  interaction  of  length  L  where  the 
CARS  beam  is  generated,  x  is  the  third  order  non-linear  susceptibility  of  the  medium  and  determines  the  shape  of  the  CARS 
spectrum.  It  is  the  sum  of  a  resonant  contribution  and  a  non-resonant  contribution.  The  non  resonant  component  is 
frequency  independent  and  is  the  sum  of  the  contributions  of  distant  Raman  and  electronic  transitions.  The  resonant 
component  is  strongly  temperature  dependent  and  is  proportional  to  the  molecular  number  density  of  the  resonant  species. 

For  strong  resonances  and  when  the  concentration  of  the  resonant  species  is  high,  the  effect  of  the  non  resonant  term  on 
the  spectral  shape  is  small  and  can  often  be  neglected.  Temperature  may  then  be  derived  by  fitting  synthesised  CARS  spectra 
to  experimental  spectra  with  temperature  as  the  main  variable.  As  the  concentration  of  the  resonant  species  is  reduced,  the 
two  terms  become  progressively  of  comparable  magnitude.  Over  a  limited  range  of  concentrations,  which  is  dependent  on 
species,  the  spectral  shape  is  then  concentration  sensitive  as  well.  Within  this  range  (typically  0.5—20%)  species 
concentration  can  also  be  determined  by  matching  experimental  and  synthesised  spectra  with  concentration  and  temperature 
as  the  main  matching  variables.  Fortunately,  the  concentrations  of  major  species,  other  than  N,,  of  interest  in  practical 
combustion  systems  generally  fall  within  this  range.  Species  concentrations  can  alternatively  be  derived  from  measurements 
of  signal  strength.  It  is  generally  necessary  to  use  referencing  techniques  because  variations  in  signal  strength  can  occur  for 
non-concentration  dependent  reasons.  One  well  tested  method  is  to  normalise  the  measured  CARS  signal  by  a  non  resonant 
signal,  generated  by  the  same  laser-beams,  from  a  suitable  gas  held  at  known  conditions  in  an  “in-line”  reference  cell.  This 
method  however  can  be  subject  to  large  errors  due  to  non-correlated  laser  beam  overlap  characteristics  in  the  two  CARS 
generation  volumes.  For  this  reason,  concentration  measurement  from  spectral  shape  is  normally  preferred  where  possible. 

An  “in-situ”  referencing  technique  which  shows  considerable  promise  and  is  more  sensitive  and  precise  than  the  above 
methods  has  recently  been  developed  (Ref.5).  In  this  method,  the  resonant  and  non-resonant  background  components  of  the 
CARS  signal  from  the  sampled  gas  are  separated  by  polarisation  techniques  and  measured  simultaneously.  Concentration 
and  temperature  may  then  be  inferred  by  fitting  theoretical  background  normalised  spectra  to  experimental  spectra. 

In  practice,  the  pump  laser  beam  is  normally  at  a  fixed  frequency.  Frequency-double  Nd/YAG  pulsed  lasers  are 
normally  used  in  modem  CARS  systems.  They  combine  the  necessary  features  for  diagnostic  use  of  high  power  (since 
I„  “Ip2)*  short  pulse  duration  (10“*s),  narrow  linewidth,  and  reasonable  pulse  repetition  rates  (10—20  Hz).  They  can  also 
conveniently  be  matched  with  optically  pumped  dye-lasers  to  produce  the  Stokes  beam. 

Various  pump  and  Stokes  laser  beam  focussing  arrangements  can  be  employed  to  satisfy  the  phase-matching 
requirements  for  optimum  CARS  signal.  BOXCARS  arrangements  give  the  best  spatial  resolution  (typically  a  few  rim  by 
50—  1 1 0  pm).  A  two-beam  3D  variant  termed  USED  CARS  (Ref.6)  which  is  more  tolerant  to  beam  misalignment  has 
proved  useful  for  practical  applications.  Where  optical  access  is  restricted,  carefully  configured  colinear  pump  and  Stokes 
beams  can  sometimes  give  acceptable  spatial  resolution  (Ref.2). 

CARS  spectra  can  be  generated  in  two  ways.  One  method  is  to  build  the  spectrum  in  piecemeal  fashion  by  scanning  a 
narrow  band  Stokes  laser  through  the  frequency  range  of  interest.  Alternatively,  use  of  a  broad  band  Stokes  laser  permits  the 
complete  spectrum  in  a  given  band  region  to  be  captured  simultaneously  using  an  appropriate  spectrograph/optical 
multichannel  detector;  intensified  linear  diode  array  detectors  are  now  used  in  most  systems.  The  two  methods  arc  referred 
to  as  “scanning  and  broadband”  CARS  respectively.  The  use  of  scanning  CARS  is  restricted  to  steady-state  flow.  Broad¬ 
band  CARS  must  be  used  for  measurements  in  randomly  time- varying  flows  such  as  those  in  turbulent  flames.  As  usually 
implemented,  only  one  dye  laser  is  used  and  only  one  species  can  be  interrogated  at  a  time.  However,  a  recently 
demonstrated  “dual-broad  band”  technique  which  uses  two  dye  lasers  (Ref.6)  is  capable  of  measuring  all  the  major  species  in 
fuel-air  combustion  simultaneously  but  is  not  yet  developed  for  engineering  use. 


3.  ACCURACY  AND  PRECISION  OF  CARS  MEASUREMENTS 
3.1  Governing  Factors 

The  accuracy  and  precision  of  CARS  measurements  are  governed  by  the  accuracy  of  the  computer  model  used  to 
generate  the  synthesised  “observed"  CARS  spectra,  the  quality  and  integrity  of  the  experimental  signals,  and  the  data 
processing  techniques  used  to  match  the  experimental  and  calculated  spectra.  Each  of  these  aspects  is  considered  separately. 


(a)  Computer  Modelling 


Models  which  are  spectrally  correct  and  accurately  model  the  physics  of  the  beam  interaction  process  in  the 
CARS  generation  volume  are  required.  They  must  also  correctly  allow  for  the  laser  line  width,  spectrograph  and 
detector  characteristics  in  calculating  the  synthesised  “observed”  spectra  to  compare  with  the  experimental  spectra. 
Thus  the  CARS  spectral  intensities  calculated  for  monochromatic  laser  beams  must  be  convolved  with  the  spectral 
profiles  of  the  pump  and  Stokes  beams  and  with  an  instrumental  “slit”  function.  For  broad  band  CARS  it  is  not 
necessary  to  convolve  with  the  Stokes  laser  profile  provided  the  experimental  spectrum  is  ratioed  to  a  non-resonant 
CARS  spectrum. 

The  importance  of  correctly  accounting  for  collisional  line  narrowing  and  cross-coherence  effects  in  the  model  is 
now  widely  recognised.  Earlier  “isolated-line”  models  ignored  the  coDisional-narrowing  effects  and  have  been  shown 
(Ref  1 ,5)  to  be  reasonably  successful  in  modelling  CARS  spectra  in  atmospheric  pressure  flames,  provided  the  Raman 
linewidth  variations  are  accurately  modelled.  However,  even  at  atmospheric  pressure  there  is  evidence  (Ref.2.3)  that 
collisional  narrowing  effects  cannot  be  ignored  and,  at  high  pressure,  their  inclusion  can  be  vitally  important.  Cross- 
coherence  terms  arise  in  the  convolution  of  the  calculated  spectral  intensities  with  the  pump  laser  profile  and  are 
especially  important  when  the  Raman  linewidth  is  comparable  with  the  pump  laser  linewidth.  Ignoring  them  can  lead  to 
large  errors  (Ref.2).  Finally,  calculated  spectra  have  been  demonstrated  to  be  highly  sensitive  to  the  form  of  the 
instrumental  “slit"  function  and  care  must  be  taken  to  define  this  function  accurately.  In  most  CARS  systems  it  is  well 
represented  by  a  Voight  profile  with  the  Gaussian  and  Lorentzian  contributions  suitably  adjusted. 

Efficient  computational  models  which  account  for  these  effects  are  now  available  for  N2  (see  Refs.2,3  for  details). 
They  have  also  been  developed  for  several  other  species  of  interest  in  combustion  but  for  some  of  these  refinement  of 
the  spectroscopic  data  is  required. 

(b )  Quality  and  Integrity  of  Measured  CA  RS  Spectra 

Factors  which  govern  the  quality  and  integrity  of  the  experimental  spectra  include  noise,  non  linear  detector 
response,  medium  perturbation  effects  and  biasing  effects. 

Detector  “shot-noise"  and  CARS  signal  noise  (Refs.2,3)  are  both  important  contributors  to  the  noise  in  measured 
single-shot  CARS  spectra  and  must  be  minimised.  Careful  design  of  the  Stokes  dye  laser  can  significantly  reduce  the 
CARS  signal  noise  (Ref.2).  The  possibility  of  further  reducing  this  noise  by  using  a  single-mode  instead  of  a  multi  mode 
pump  laser  is  currently  the  subject  of  controversy.  Data  presented  in  Reference  3  indicate  that  broad  band  resonant 
CARS  signal  noise  in  N:  O  branch  spectra  measured  in  flames  is  actually  higher  with  a  single  mode  pump  laser.  This 
finding  is  in  marked  contrast  to  the  reverse  result  found  for  non  resonant  spectra  (Ref.3)  and  narrow-band  scanned  data 
(Ref.5).  Clearly,  further  work  is  required  to  investigate  more  fully  the  relative  merits  of  single  and  multi-mode  pump 
lasers  for  CARS  work. 

Detector  shot-noise  most  seriously  affects  the  low  intensity  parts  of  the  recorded  spectrum.  For  accurate 
measurements,  especially  when  the  analysis  method  gives  a  high  weighting  to  these  parts,  it  is  important  that  only 
spectra  with  count  levels  above  an  acceptable  minimum  are  analysed.  On  the  other  hand,  care  must  also  be  exercised  to 
ensure  that  the  count  level  in  the  high  intensity  parts  of  the  spectrum  remain  below  saturation  level  for  the  detector.  In 
some  circumstances,  such  as  turbulent  combustion  flows  for  example,  the  CARS  signal  can  fluctuate  over  a  range 
considerably  greater  than  the  dynamic  range  of  the  detector  and  meeting  both  the  above  requirements  simultaneously 
can  be  difficult  However,  data  acquisition  schemes  such  as  that  described  in  Ref.4  which  record  both  unattenuated  and 
attenuated  signals  can  overcome  this  problem. 

Medium  perturbation  effects  can  be  caused  by  excessively  high  pump  laser  beam  intensity  in  the  CARS  generation 
volume.  Gas  breakdown  must  obviously  be  avoided.  Ref.5  shows  that  pump  laser  intensity  must  also  be  restricted  to 
avoid  Stark  splitting  effects,  although  these  effects  are  not  likely  to  be  too  important  for  Q  branch  spectra  which  are 
generally  employed  in  practical  CARS  experiments. 

Biasing  errors  can  occur  if  the  gas  contained  in  the  CARS  generation  volume  is  non-homogeneous.  The  measured 
spectra  will  be  biased  to  the  cooler  gas  within  the  volume  because  cf  the  squared  dependence  of  CARS  signal  on  the 
molecular  number  density.  This  problem  is  likely  to  be  most  acute  in  studies  of  turbulent  combustion  where  high 
temperature  gradients  can  occur  over  very  small  distances,  down  to  the  Kolmogoroff  turbulence  scale  (Ref. 8).  More 
work  is  required  to  understand  better  the  effect  of  such  biasing  on  the  statistics  of  the  measured  parameter. 

(c)  Data  Processing  Methods 

Multi-parameter  least-squares  fitting  routines  are  generally  employed  to  fit  theoretical  CARS  spectra  to  the 
experimental  data.  For  best  accuracy,  the  whole  of  the  measured  spectrum  in  a  spectral  region  must  be  fitted.  Efficient 
methods  for  doing  this  are  now  available  and  published  (See  Ref.2  for  examples).  Current  so  called  “quick-fit"  methods 
are  prone  to  large  errors  (Refs.2,4)  but  can  be  useful  for  providing  on-line  monitors  of  the  measured  parameters.  More 
work  is  required  to  refine  the  accuracy  of  such  methods,  which  can  be  particularly  useful  when  a  large  volume  of  spectra 
has  to  be  analysed. 

Even  under  nominally  steady  state  conditions,  single  pube  CARS  spectra  exhibit  a  substantial  shot  to  shot 
variation  in  the  measured  parameters,  mainly  because  of  the  noise  effects  discussed  above.  Weighted  least-squares 
fitting  routines  show  promise  in  increasing  the  precision  of  such  measurements.  For  example,  Ref.3  shows  that  by 
correctly  accounting  for  the  noise  variance  and  using  the  inverse  of  this  as  the  weighting  parameter  in  the  least-square 
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fitting  routine,  a  very  significant  improvement  in  precision  of  single-shot  CARS  temperature  measurements  in  a  steady- 
state  flame  occurred.  However,  this  was  accompanied  by  a  shift  in  the  mean  temperature  determined  compared  to  a 
non-weighted  fit  for  reasons  that  are  not  yet  fully  understood.  Such  weighted  fitting  techniques  clearly  need  to  be 
investigated  further. 

3.2  Current  CARS  Capability 

In  assessing  the  current  accuracy  and  precision  capability  of  CARS  for  temperature  and  species  measurements  due 
note  must  be  taken  of  the  above  considerations.  Most  of  the  reported  CARS  temperature  measurements,  r  rticulariy  for 
broad-band  CARS,  have  used  the  N2  0  branch  spectrum  as  the  probe.  This  is  mainly  because  N2  is  generally  the  most 
abundant  species  in  fuel-air  combustion  systems  and  consequently  gives  a  strong  resonant  signal.  Detailed  assessments  of  the 
accuracy  of  such  measurement  have  recently  been  made  (Refs.2,7)  over  a  wide  range  of  temperature  and  pressure  (300— 
3500TC  at  1  bar  and  300—  800*K  up  to  20  bar)  in  N2  under  known  and  constant  homogeneous  gas  conditions.  The  mean  or 
average  temperature  measurement  accuracy  is  estimated  to  be  of  the  order  of  ±  1—1 .5%  over  all  conditions.  Single-shot 
temperature  accuracy  is  estimated  at  ±  3—6%. 

Measurements  of  temperature  and  species  concentration  in  flames  have  successfully  been  carried  out  for  several  other 
major  species  of  interest  in  combustion  e.g.  COz,  CO,  H20  and  02.  For  broadband  CARS,  species  concentration  sensitivity 
is  currently  estimated  to  be  >  1—5%  for  time  averaged  measurements.  Where  scanning  CARS  can  be  applied,  the 
background  normalisation  method  (Ref.5)  has  been  shown  capable  of  improving  sensitivity  by  a  factor  of  5.  Unfortunately  its 
use  in  broad  band  CARS  has  not  been  demonstrated  and  seems  likely  to  be  possible  only  at  high  pressures.  The  accuracy  of 
concentration  measurements  is  largely  limited  by  the  lack  of  accurate  spectroscopic  data  and  the  complicating  effects  of 
varying  non-resonant  backgrounds.  As  better  quality  spectroscopic  data  is  becoming  available,  so  the  measurement  accuracy 
is  improving  but  more  work  is  required  to  overcome  the  problems  with  varying  backgrounds. 

Concentration  measurements  of  hydrocarbons  pose  particular  problems  because  of  their  spectroscopic  complexity, 
especially  the  larger  polyatomic  molecules.  Spectral  models  are  not  currently  available  for  hydrocarbons,  apart  from 
acetylene,  and  there  is  a  general  dearth  of  good  quality  spectroscopic  information  for  these  species.  Pending  the  availability 
of  accurate  models,  the  generation  of  a  library  of  CARS  spectra  for  known  samples  and  the  use  of  these  to  fit  experimental 
spectra  could  be  considered  as  an  interim  method  of  making  hydrocarbon  concentration  measurements. 


4.  APPLICABILITY  OF  CARS 


CARS  is  being  used  increasingly  for  a  wide  range  of  applications  ranging  from  basic  kinetic  (Ref.6)  and  spectroscopic 
(Ref.5)  studies  to  measurements  in  flows  of  practical  interest  (Refs.2,4,7). 

Many  of  the  basic  studies  are  carried  out  under  steady-state  conditions,  e.g.  in  laminar  flames  where  either  broad-band 
or  scanning  CARS  systems  can  be  applied.  For  spectroscopic  measurements  the  higher  resolution  offered  by  scanning 
CARS  systems  is  often  essential.  Very  high  resolution  CARS,  made  possible  by  the  advent  of  single  mode  lasers  and  pulse 
amplification  techniques,  offers  the  prospect  of  generating  very  accurate  Raman  linewidth  and  other  spectroscopic 
measurements.  Much  of  the  data  generated  in  this  way  will  be  used  to  refine  the  models  used  in  the  application  of  CARS  to 
practical  systems. 

Over  the  last  decade  or  so,  CARS  has  been  demonstrated  successfully  in  several  practical  flow  environments  including 
jet  engine  exhausts,  IC  and  diesel  engines,  gas  turbine  combustion  simulators,  furnaces,  propellent  flames.  Recently,  its 
application  to  supersonic  combustion  has  also  been  demonstrated  successfully.  It  is  now  moving  out  of  the  development  and 
demonstration  phase  and  is  being  used  more  and  more  as  a  routine  research  and  development  tool.  Mobile,  hardened  and 
flexible  CARS  systems  (see  Ref.7  for  example)  which  facilitate  use  of  the  technique  for  field  applications  are  being  built. 

In  many  of  these  applications,  CARS  is  used  in  conjunction  with  other  non-intrusive  diagnostic  techniques  such  as 
LDA.  The  data  generated  can  be  used  both  to  better  the  understanding  of  complex  turbulent  flow-combustion  interaction 
processes  and  to  develop  and  validate  computational  models. 

Despite  the  very  notable  success  that  has  been  achieved  to  date,  CARS  still  has  some  severe  limitations  and  applications 
problems  which  are  likely  to  restrict  its  use  in  flows  of  practical  interest  in  the  future  unless  they  can  be  overcome.  These  are 
)  discussed  briefly  below.  Some  are  common  to  most  optical  techniques  but  other  are  peculiar  to  CARS. 

1  Optical  Access  Requirements 

CARS  requires  “double-sided”  optical  access  to  the  measurement  volume.  Geometrical  constraints  might  make  this 
difficult  to  achieve  for  some  applications  e.g.  annular  combustors. 

Beam  Steering/ Attenuation  Problems 


In  some  practical  flow  environments  serious  reduction,  or  even  total  loss,  of  the  measured  CARS  signal  may  be  caused 
by  beam  steering  due  to  density  gradients  in  the  flow  normal  to  the  direction  of  beam  propagation.  High  pressure  conditions 
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and  long  optical  path  lengths  will  accentuate  this  problem.  As  a  rough  guide,  (Ref.8)  measurements  in  a  gas  turbine  primary 
zone  combustion  region  for  instance  could  become  very  difficult  at  pressures  above  3  atmospheres  and  beam  path  lengths 
through  the  medium  greater  than  ~1  4  cm. 

In  particle  or  droplet  laden  flows  further  signal  loss  can  occur  due  to  beam  attenuation,  particularly  of  the  input  beams. 
Measurements  in  high  density  sprays  with  low  voidage  fractions  are  therefore  precluded  but,  where  the  voidage  fraction  is 
reasonable,  CARS  measurements  can  be  successfully  conducted  provided  the  recorded  spectra  are  selectively  filtered  for 
analysis. 

In  liquid  fuelled  combustors,  beam  steering  and  attenuation  problems  will  clearly  be  compounded. 

Low  Data  Acquisition  Rate 

CARS  is  a  single-point  measurement  technique  Moreover,  spectra  acquisition  rate  is  currently  limited  to  10—20  Hz  by 
the  pulse-repetition  rate  capability  of  available  Nd— YAG  pulsed  lasers.  Since,  for  the  turbulent  flows  of  practical  interest,  a 
large  number  (typically  a  few  hundred)  of  individual  measurements  is  required  to  define  adequately  the  measured  parameter 
statistics  at  each  point,  the  time  required  to  map  the  flow  conditions  can  be  exorbitant  for  some  applications.  Newer  lasers 
e.g.  excimer  or  copper-vapour,  offer  hope  of  increasing  data  acquisition  rate  by  orders  of  magnitude  in  the  future  if  they  can 
be  developed  to  combine  high  pulse  power  with  their  existing  high  repetition  rate  capability. 

The  “dual  broad  band"  CARS  technique  which  allows  several  species  to  be  measured  simultaneously  could  with 
development  also  significantly  increase  the  data  acquisition  rate  for  species  concentration  measurements  in  practical  flows. 

Data  Handling/Storage  Problems 

Clearly  a  very  large  amount  of  data  can  be  generated  in  a  practical  CARS  experiment.  Handling  and  storage  of  this  data 
may  prove  a  problem  unless  some  on-line  processing  of  data  is  carried  out.  The  development  of  rapid  but  accurate  on-line 
processing  techniques  would  be  a  major  step  forward  in  the  application  of  CARS  to  practical  systems. 

High  Cost  and  Complexity 

The  high  hardware  capital  costs  (  ~S  1 00  K)  and  complexity  of  the  techniques  mitigate  against  its  widespread  adoption 
and  will  continue  to  limit  the  number  of  deployable  CARS  systems  available.  A  “Knock-on"  effect  is  that  the  number  of 
experienced  and  skilled  exploiters  of  CARS  is  also  limited.  Transfer  of  the  technology  to  non-expert  users  may  therefore 
present  problems,  especially  in  the  short  term.  However,  the  concensus  view  of  the  experts  at  the  session  was  that  these 
problems  are  surmountable  and  successful  transfer  has  already  been  achieved  in  some  instances.  A  possible  alternative 
solution  is  to  have  centres  of  excellence  in  CARS  which  would  provide  a  consultancy  service  to  customers. 


5.  SUMMARY  OF  CONCLUSIONS  AND  RECOMMENDATIONS  FOR  FURTHER  WORK 

The  following  were  the  main  points  to  emerge  from  the  presentations  and  discussions  at  the  session: 

1 .  CARS  is  at  an  advanced  stage  of  its  development  and  is  increasingly  being  used  for  routine  R  &  D  studies.  It  has 
demonstrated  applicability  both  to  basic  flames  and  to  a  wide  range  of  practical  devices. 

2.  The  general  theory  is  now  reasonably  well  established.  Efficient  and  accurate  computational  models  are  now 
available  for  N2.  Several  other  major  species  of  interest  in  combustion  can  also  be  modelled  although  the 
spectroscopy  for  some  still  needs  to  be  further  refined.  Hydrocarbons  are  a  notable  exception  and  work  is  urgently 
required  on  the  spectroscopy  and  modelling  of  these  species. 

3.  For  broad  band  CARS,  temperature  measurement  accuracy  has  been  established  at  <  ±  1 .5%  for  mean 
measurements  and  ±  3—6%  for  single  shot  measurements  in  N2  over  a  wide  range  of  temperature  and  pressure. 
Species  concentration  measurement  sensitivity  is  rather  low  at  present  (>  1  —5%  time  averaged)  but  accuracy  is 
improving  as  the  spectroscopy  is  being  refined. 

4.  Further  work  is  required  to  overcome  varying  non-resonant  background  effects  on  species  concentration 
measurements  and  “in-situ"  referencing  schemes  require  further  development. 

5.  Singe-shot  temperature  measurement  accuracy  is  currently  limited  by  dye  laser  noise.  Further  work  is  required  to 
determine  the  relative  merits  of  single  and  multimode  pump  lasers  in  reducing  the  shot  to  shot  variation  in  CARS 
signal. 

6.  Data  processing  schemes  can  have  a  marked  effect  on  the  measurement  accuracy.  Further  work  is  needed  to 
determine  the  improvements  attainable  by  using  “weighting"  schemes. 

7.  Use  of  CARS  for  routine  R  &  D  in  practical  devices  could  be  restricted  by  its  low  data  acquisition  rate. 

8.  Beam  steering  in  large  scale  devices  at  high  pressure  and  beam  attenuation  in  high  density  sprays  or  particle  laden 
streams  may  cause  problems  which  limit  the  range  of  applicability  of  CARS. 
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SUMMARY 

Spatially  resolved  temperature  measurements  in  laminar  premixed  flames  were  mad^  using 
Coherent  Antistokes  Raman  Scattering  (CARS)  and  spontaneous  Raman  spectroscopy.  In  the 
case  of  narrowband  (scanning)  CARS,  the  experimental  arrangement  allows  the  performance 
of  simultaneous  temperature  measurements  with  both  techniques.  For  broadband  (multiplex) 
CARS  the  measurements  have  to  be  made  successively.  Three  different  Raman  linewidth 
models  were  used  for  CARS  data  evaluation.  The  results  were  compared  with  the  inde¬ 
pendently  recorded  rotational  Raman  temperature^.  Temperature  differences  up  to  10  % 
were  observed,  depending  on  the  linewidth  model  used.  For  two,  more  complicated  line- 
width  models  the  CARS  and  Raman  temperatures  are  in  good  agreement. 

/\  V 

1 .  INTRODUCTION 


One  aim  in  modern  combustion  research  is  the  development  of  theoretical  computer  flame 
models,  in  order  to  predict  the  desired  properties  and  the  behaviour  of  flames  (in  a 
final  stage  also  of  technical  flames  like  in  furnaces,  combustors,  and  internal  combustion 
engines).  Laser  diagnostic  techniques  offer  the  possibility  for  in-situ,  non-intrusive, 
spatially  resolved  measurements  of  temperature  and  species  concentrations  in  combustion 
processes.  Experimentally  determined  temperature  and  concentration  data  are  used  to  examine, 
improve  and  further  develop  the  chemical  kinetics  of  flames  and  the  theoretical  flame 
models.  As  an  example,  the  temperature  profile  assumed  in  such  calculations  is  a  very 
sensitive  parameter  for  the  resulting  calculated  hydroxyl  radical  concentration. 

Both  CARS  and  spontaneous  Raman  spectroscopy  are  well  suited  for  temperature  measurements . 

In  the  past,  several  research  groups  have  demonstrated  the  applicability  of  CARS  for 
temperature  measurements  in  laboratory  flames  /1-7/,  in  combustors  /8-11/,  and  in  internal 
combustion  engines  /1 2-1 5/.  Due  to  the  coherent  nature  of  the  process  and  the  high  signal 
intensities  CARS  offers  some  unique  advantages  for  the  diagnosis  of  technical  combustion 
situations.  Unlike  CARS  spontaneous  Raman  spectroscopy  is  limited  to  weakly  luminous, 
non-sooting  flames,  because  of  its  inherently  low  signal  intensity  and  its  incoherent 
character. 

For  both  techniques  the  accuracy  of  the  deduced  temperature  values  depends  on  the  quality 
of  the  experimental  data  and  the  reliability  of  the  theoretical  models  used  to  analyze 
the  recorded  spectra.  The  theory  of  spontaneous  Raman  scattering  is  well  developed,  and 
the  data  reduction  is  straightforward,  whereas  for  the  reduction  of  CAFS  data  some  points 
remain  to  be  clarified. 

In  order  to  establish  the  accuracy  of  temperature  measurements  with  CARS,  in  the  past 
comparisons  have  been  made  between  CARS  and  other  techniques:  Thermocouple  measurements 
/ 16-19/,  sodium  line  reversal  spectroscopy  /4,  17,  20,  21/,  and  heat  balance  and  thermo¬ 
dynamic  equilibrium  calculations  /4,  17/. 

The  disadvantages  of  thermocouple  measurements  in  hot  reacting  flows  are  well  known.  The 
unavoidable  perturbation  of  the  flowfield  may  change  the  chemical  Vinetic  reactions  in 
the  flame.  The  temperature  measured  has  to  be  corrected  for  radiation  and  conductive  heat 
losses  of  the  thermocouple,  and  care  has  to  be  taken  to  minimize  catalytic  reactions  on 
the  surface  of  the  thermocouple.  Coating  the  tip  of  the  thermocouple  with  quartz  may  lower 
the  influence,  but  can  not  prevent  it  completely  depending  on  the  flame  composition.  The 
sodium  line  reversal  technique  may  suffer  from  the  fact  that  the  probed  volume  is  not 
identical  to  the  volume  from  which  the  CARS  information  is  taken,  and  that  seeding  the 
flame  with  sodium  can  be  difficult.  Heat  balance  calculations  which  require  an  accurate 
measurement  of  the  heat  flux  to  the  burner  used  to  stabilize  the  flame,  lead  to  results 
without  any  spatial  resolution. 

In  this  work  we  report  a  comparison  of  the  temperature  determination  in  laminar  flames 
between  CARS  and  spontaneous  Raman  scattering.  Both  spectroscopic  techniques  offer  the 
potential  for  non-intrusive,  spatially  resolved  temperature  measurements  in  laboratory 
flames.  In  the  case  of  narrowband  CARS  really  simultaneous  temperature  measurements  with 
both  techniques  are  possible,  whereas  in  the  case  of  broadband  excitation  the  experiments 
have  been  performed  in  two  consecutive  runs.  One  of  the  advantages  of  the  technique  de¬ 
scribed  in  this  paper  is  that  the  same  laser  is  used  to  excite  the  CARS  as  well  as  the 
Raman  process,  and  the  probed  volume  for  both  measurements  is  well  controlled. 


2.  SPONTANEOUS  RAMAN  SCATTERING 

For  thermometry  in  flames,  preferably  on  n2  as  Indicator  molecule,  the  vibrational  Stokes 
transition  /22-27/,  the  ratio  of  Stokes/Antistokes  vibrational  bands  /28,29/  and  the  pure 
rotational  Raman  spectrum  /23,  30-32/  have  been  utilized.  In  our  special  case  the  pure 
rotational  Raman  spectrum  is  used  for  temperature  determination  (Fig.  1). 
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The  Raman  scattered  Intensity  IR  is  given  in  eq.  (1) 

XR  -  Xo  •  N(V'J)  '  If  ‘  fl  •  1  ■  E  (1) 

where  lQ  is  the  intensity  of  the  exciting  laser  radiation;  N  (v,J)  is  the  number  density 
in  the  particular  quantum  state  of  the  species  under  consideration.  In  thermal  equili¬ 
brium  the  population  of  the  states  is  given  by  the  Maxwel 1-Bolt zmann  distribution.  is 

the  differential  Raman  scattering  cross  section;  U  is  the  solid  angle  from  which  Raman 
scattered  radiation  is  collected;  1  is  the  length  of  the  probed  volume,  and  e  describes 
an  efficiency  factor  including  the  throughput  of  the  monochromator  and  the  quantum  effi¬ 
ciency  of  the  detector. 

For  temperature  measurements  only  the  relative  intensity  distribution  of  the  pure  rota¬ 
tional  Raman  spectrum  has  to  be  considered. 

IR(J)~  f“0  -  (4J+6)-Bj4  -g  (J) -£(J) -exp  [  -hcB- J  (J+1  )  /kT  ]  (2) 

w  is  the  frequency  (in  cm-1)  of  the  exciting  laser;  B  is  the  rotational  constant  of  the 
indicator  molecule;  J  is  the  rotational  quantum  number;  the  factor  g(J)  takes  into  account 
the  nuclear  spin  degeneracy  of  homonuclear  molecules;  f(J)  is  a  line  strength  factor 
containing  the  Placzek-Teller  coefficient  bj,_„  • 

f(J)  =  UJ.n-bj.j,,  =  §  •  (3) 

The  constants  h,  c,  and  k  have  their  usual  meaning:  Planck’s  constant,  speed  of  light, 
and  Boltzmann’s  constant. 

For  a  more  accurate  treatment  of  the  pure  rotational  Raman  spectrum  the  influence  of 
centrifugal  distortion  has  to  be  taken  into  consideration  by  a  multiplicative  correction 
factor  /33/. 

f'(J>  -  f(J)  •  n+4reB^/8e)  •  (~3  2  -  (J2  +  3J+3 )  2  (4) 

e 

6'  is  the  derivative  of  the  molecular  polarizability  anisotropy  with  respect  to  inter- 
naclear  distance  r  .  A  value  of  r  B'/B  *  2.2  for  N,  is  taken  from  the  literature  /32/ 
and  used  in  this  work. 

To  evaluate  the  temperature  from  the  pure  rotational  Raman  spectrum  the  {log  intensities) 
of  the  rotational  lines  are  plotted  as  a  function  of  the  term  values  of  the  rotational 
states.  From  the  slope  of  the  resulting  straight  line  fitted  by  a  least  squares  procedure 
the  temperature  is  deduced. 


3.  COHERENT  ANTISTOKES  RAMAN  SCATTERING  (CARS) 


CARS  is  a  coherent,  nonlinear  Raman  process,  it  is  for  this  reason  that  temperature 
measurements  with  this  technique  require  the  comparison  of  the  experimentally  measured 
CARS  spectrum  and  a  theoretical,  calculated  spectrum. 

A  detailed  description  of  the  CARS  theory  can  be  found  in  the  literature  /34/.  In  this 
paper  only  a  short  summary  of  the  theory  is  given.  By  the  interaction  of  two  incident 
laser  beams  of  frequency  w.  (pump  laser)  and  w-  (probe  laser)  with  the  third  order 

(3)  ^ 

dielectric  susceptibility  x  of  the  molecule  a  polarisation  field  is  induced  which 
generates  the  CARS  signal  at  frequency  u>3  «  2w.j  -  w2.  The  CARS  signal  intensity  is  given 


2-* 


vt-2-<‘i&ffi/2)>2 


(5) 


In  eq.  (5),  1.  and  I2  ate  the  intensities  of  the  pump  laser  and  the  probe  laser,  respec¬ 
tively.  L  defines  an  interaction  length  where  the  C/tRS  signal  is  generated.  The  expressslon 
in  brackets  gives  the  phase  matching  condition  and  depends  on  experimental  parameters. 

For  high  signal  generation  the  phase-mismatch  Ak  should  be  zero,  i.e.  .sinAkl/2.2 

'  AkL/2  1  * 

The  spectral  shape  of  the  CARS  spectrum  is  given  by  the  third  order  dielectric  suscepti¬ 
bility  x(3)  according  to  eq.  (6) 

(3)  ..  .  “R  (3) 

x  ~  T  — ; - r5 — ; — ; — ; - :  xnr  (6) 

v,J  wR  -  (w^  -  w 2 )  -  i  *  rR  •  (w^  -  u>2) 

where  AN  is  the  population  difference  between  the  states  involved  in  the  observed  CARS 
spectrum;  uR  is  the  Raman  frequency;  w.  and  w2  are  the  frequencies  of  the  pump  and  probe 
laser,  respectively;  r_  is  the  homogeneous  Raman  linewidth.  In  addition,  there  is  an  non- 
K  (3) 

resonant  part  of  the  susceptibility,  which  is  frequency  independent  and  summarizes 

the  contributions  arising  from  distantNKRaman  and  electronic  transitions.  In  the  case  of 

measurements  on  N,  in  high  concentration  the  influence  of  on  the  spectral  structure 

of  the  CARS  signal  is  negligible  and,  therefore,  can  be  omitted  in  the  data  reduction. 
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As  can  be  seen  from  eq.  (6)  the  CAPS  signal  is  resonantly  enhanced,  if  the  frequency 
difference  between  the  two  exciting  laser  frequencies  w.  and  <*>2  i»  nearly  to  or  equal 
a  Raman  transition  frequency  <u  .  A  further  important  feature  or  CARS  spectroscopy  - 
in  contrast  to  other  spectroscopic  techniques  -  is  the  dependence  of  the  signal  on  the 
homogeneous  Raman  linewidth  rR. 

In  this  work  three  different  models  of  the  homogeneous  Raman  linewidth  rR  have  been 
used  and  compared  for  data  evaluation. 

t.  As  the  simplest  assumption  a  constant  linewidth  is  used  in  the  calculation,  independent 
of  p  and  J.  Today  there  are  better  models  for  r  ,  if  N.  is  used  as  indicator  molecule. 
But  for  other  molecules  than  Nj  reliable  linewidth  models  scarcely  exist,  and  mostly 
a  constant  linewidth  is  the  only  possible  choice. 

2.  In  the  model  proposed  by  Hall  / 35/  the  self-broadened  N2  linewidths  have  been  calculated 
using  the  linewidth  theory  of  Robert  and  Bonamy  /36/.  As  a  result,  experimental  line- 
width  data  /37/  can  be  fitted  very  well  with  a  relatively  simple  expression,  which 
describes  the  Raman  linewidths  as  a  function  of  temperature  T  and  the  rotational  quantum 
number  J.  The  pressure  dependence  is  linear.  The  analytical  form  is  shown  in  Table  1 , 
valid  for  the  temperature  range  900  K  -  2400  K. 

3.  Farrow  et  aL/16/  used  the  low  pressure  flame  linewidth  data  measured  with  stimulated 
Raman  scattering  /37/  and  fitted  them  to  a  polynomial  expression  up  to  the  fourth  ordes 
in  the  rotational  quantum  number  J.  The  dependence  on  pressure  is  linear,  too,  but  the 

-1  /2 

temperature  scales  as  T  '  .  For  temperatures  below  600  K  the  formula  reduces  to  only 
one  term,  linear  in  J.  (Table  1 ) 


Hall 

rR!T, 

p,J)  =  8-T‘°-71  -  18.6-T-1 '45-J 

900  K  <  T  £  2400  K 

Farrow  et  al. 

high  temperature 

T  >  600  K 

rR(J) 

*  A  -  B-J  +  C-J2  -  D-J3  +  E-J4 

A  =  1.79534  •  10' 2  B  *  6.3087 

■  10'4 

C  -  4.7995  •  10'5  D  «  1 .5139 

E  =  1 .50467  •  10'8 

o 

1 

low  temperature 

T  <  600  K 

rR(J) 

"  *,  -  B,  •  J 

A,  =  1.99  •  10'2  B  «  4.575  • 

10*4 

Table  1  Analytical  expressions  of  linewidth  models  proposed  by  Hall  /35/  and  Farrow 
et  al.  /1 6/ 


4.  EVALUATION  PROCEDURE 

For  the  evaluation  of  temperature  data  from  CARS  spectra  a  computer  code  has  been  devoloped 
which  fits  the  theoretical  CARS  spectrum  to  an  experimental  one.  The  evaluation  scheme 
is  shown  in  Tab.  2.  The  program  calculates  the  squared  modulus  of  the  dielectric  suscepti¬ 
bility  of  the  rotation  -  vibrational  CARS  spectrum  of  N2  (Q- branch) .  In  order  to  achieve 
the  best  agreement  between  experimental  and  theoretical  spectra  in  the  region  of  the  hot 
band  (overlapping  rotational  lines  originating  from  the  fundamental  vibrational  transition 
v  *  0  •*  1  and  the  first  excited  vibrational  transition  v  «  1  2)  the  molecular  constants 

for  N~  given  by  Gilson  et  al.  /38/  are  used.  Different  linewidth  models  can  be  employed. 

The  influence  of  the  laser  bandwidths  for  narrowband  (scanning)  CARS  is  taken  into  con¬ 
sideration  by  a  convolution  procedure  with  Gaussian  profiles.  For  broadband  (multiplex) 

CARS  the  monochroma tor /detector  influence  is  treated  by  a  convolution  with  a  Voigt  profile 
containing  equal  Gaussian  and  Lorentzian  contributions.  A  non-linear  least-squares  algorithm 
is  utilized.  Three  parameters  are  varied  simultaneously:  the  temperature,  a  dispersion 
factor  which  describes  the  increment  size  on  the  frequency  axis,  and  the  absolute  fre¬ 
quency  of  the  first  data  point  of  the  experimental  spectrum.  To  avoid  additional  numerical 
errors  analytical  derivatives  are  employed.  The  spectra  are  fitted  on  a  linear  scale,  nor¬ 
malized  to  the  area  under  the  spectral  shape,  and  all  data  points  are  weighted  equally. 
Depending  on  the  quality  of  the  initial  guess  of  the  input  parameters,  our  program  usually 
needs  3-6  iterations  to  find  the  best  fit. 
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Table  2  Evaluation  of  temperature  data  from  CARS  spectra 


5.  EXPERIMENTAL 

The  experimental  setup,  capable  of  measuring  simultaneously  narrowband  CARS  and  spontaneous 
Raman  spectra,  is  shown  in  Fig.  2.  The  two  frequencies  and  wj,  necessary  for  the  exci¬ 
tation  of  the  CARS  process,  are- delivered  by  a  pulsed,  frequency-doubled  Nd: YAG  laser 
(JK  Hyper  YAG  750)  and  a  dye  laser.  The  available  energies  are  about  50  mJ/pulse  in  the 
pump  beam  (532  nm)  with  a  smooth  beam  profile  and  about  5  mJ/  pulse  in  the  probe  beam  from 
the  dye  laser  ( ~  607  nm) .  The  bandwidth  of  the  dye  laser  amounts  about  0.25  -  0.30  cm-1. 

To  achieve  a  suitable  spatial  resolution  a  crossed  beam  BOXCARS  conf iauration  / 39/  is  used. 
The  geometry  of  the  laser  beams  is  shown  in  Fig.  3.  By  this  means  the  spatial  resolution 
can  be  matched  to  the  experimental  requirements  of  laboratory  flames  and  can  be  adapted  to 
the  volume  probed  with  the  Raman  technique.  After  recollimation  (L2)  the  CARS  signal  is 
separated  from  the  exciting  laser  beam  by  a  dense  flint  prism  (P)  and  recorded  by  the 
photomultiplier  (PMT  2)  and  a  boxcar  integrator.  The  wavelength  scan  of  the  dye  laser  and 
the  data  acquisition  is  controlled  by  a  DEC  (MINC)  laboratory  computer. 

As  can  be  seen  from  Fig.  1  different  Raman  processes  are  excited  simultaneously  by  the 
laser  beams  needed  for  the  CARS  process,  both  by  the  pump  laser  (w^)  and  the  probe  laser 
.  More  or  less  unaffected  by  other  scattering  processes  the  pure  rotational  Raman 
spectrum  excited  by  the  most  powerful  pump  laser  beam  at  frequency  can  be  observed  in 
an  optical  path  under  90°  to  the  incoming  laser  beams.  The  Raman  scattered  light  is 
collected  by  lens  L3  and  a  backref lecting  mirror  CM  and  imaged  onto  the  entrance  slit  of 
the  monochromator  (SPEX  14018).  The  Raman  signal  is  recorded  by  a  gated,  microchannel 
plate  intensified  diode  array  (PAR  OMA-II/1 420) .  The  data  are  transferred  to  the  labora¬ 
tory  computer  for  further  processing.  A  second  photo  multiplier  (PMT  1)  allows  the  regis¬ 
tration  of  pure  rotational  Raman  spectra  in  a  scanning  mode  where  the  resolution  is 
higher  than  with  the  diode  array. 

In  the  case  of  broadband  CARS  directly  simultaneous  measurements  are  not  possible,  be¬ 
cause  the  recording  of  both  the  broadband  CARS  spectra  and  the  pure  rotational  Raman 
spectra  requires  the  frequency  dispersing  monochromator .  However,  the  imaging  optics 
are  designed  in  such  a  way  to  allow  a  quick  change  from  recording  broadband  CARS  spectra 
to  rotational  Raman  spectra.  To  measure  broadband  CARS  spectra  the  radiation  of  the  dye 
laser  as  probe  laser  has  to  be  generated  spectrally  broad.  This  is  achieved  by  replacing 
the  grating  in  the  dye  cavity  by  a  high  reflecting  broadband  mirror  yielding  a  bandwidth 
of  the  dye  laser  emission  of  about  130  cm”1  FWHM.  This  bandwidth  is  broad  enough  to  cover 
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the  entire  CARS  spectrum  at  every  laser  pulse,  even  at  flame  temperatures,  where  the 
the  spectrum  spreads  out. 

Both  broadband  CARS  and  spontaneous  Raman  data  measured  with  the  diode  array  are 
corrected  for  the  thermal  and  electronic  background,  non-uniform  sensitivity  across 
the  target,  and  the  wavelength  dependent  transmission  characteristics  of  the  optics 
in  the  signal  path.  The  spectral  distribution  of  the  radiation  of  the  broadband  dye 
laser  is  accounted  for  by  measuring  the  nonresonant  CARS  signal  of  oxygen  (5  bar) 
at  the  same  spectral  position  and  with  the  same  optical  configuration  used  for  the  re¬ 
sonant  N2  CARS  measurements.  Thus,  the  effects  influencing  the  intensity  distribution 
of  the  spectra  can  be  treated  by  one  correction. 


6.  RESULTS  AND  DISCUSSION 


The  results  reported  in  this  paper  were  obtained  in  a  premixed  laminar  propane/air 
flame  at  atmospheric  pressure  and  an  equivalence  ratio  of  *  *1.1.  The  low  luminosity 

flame  is  stabilized  on  a  multicapillary  burner  28  ram  in  diameter.  The  burner  is  on  a 
constant  temperature  of  330  K  to  prevent  condensation  of  water.  The  measurements  have 
been  made  10  mm  above  the  burner  surface  in  the  flame  axis  where  a  flat  temperature 
profile  can  be  expected. 

During  our  investigations  of  CARS  temperature  measurements  in  flames  we  found  that  the 
application  of  a  rotational  quantum  number  and  temperature  dependent  model  for  the 
homogenous  Raman  linewidth  included  in  the  evaluation  procedure  of  CARS  data  considerably 
improves  the  theoretical  fit  of  experimental  narrowband  CARS  spectra  /40/.  Especially 
in  the  region  of  the  band  head  of  the  N2  Q-branch  the  deviations  between  experimental 
and  calculated  data  are  reduced,  in  agreement  with  the  observations  by  Hall  /35/.  How¬ 
ever  ,  as  can  be  seen  in  Fig.  4,  it  is  possible  to  estimate  a  constant  value  of  the  Raman 

linewidth,  in  our  example  rR  =  0.033  cm”1,  which  also  leads  to  an  excellent  theory- 
experiment  fit.  Compared  to  a  theoretical  fit  with  Hall's  linewidth  model  exploiting 
the  same  experimental  data  the  error  curves  in  Fig.  4  do  not  show  remarkable  differences. 
However,  the  residual  error  is  slightly  reduced,  and  the  evaluated  temperature  by  both 
fitting  procedures  changes  by  about  IO  %  from  2114  K  to  1954  K. 

To  look  for  a  decision,  which  temperature  is  the  correct  one,  and  to  get  an  impression 
how  accurate  CARS  temperatures  can  be  measured  a  more  systematic  investigation  has  been 
started.  A  selected  set  of  experimental  CARS  data  was  used  for  evaluation  with  the  above 
mentioned  different  linewidth  models.  In  our  opinion,  temperatures  deduced  from  Raman 
spectra,  measured  under  special  flame  conditions  (laminar,  non-luminous )  can  reliably  be 
used  for  comparison.  Raman  spectroscopy  is  an  optical  non- intrusive  method  based  upon  a 
well  developed  theory. 

Fig.  5  shows  a  part  of  the  pure  rotational  Raman  spectrum  recorded  in  the  flame  center, 
ranging  from  J  *  22  to  J  =  41.  In  the  lower  part  the  least-squares  straight  line,  fitting 
the  (log  intensities)  according  to  eq.  (2),  is  plotted.  To  reduce  the  influence  on  the  N2 
rotational  lines,  which  are  used  for  temperature  analysis,  by  underlaying  lines  of  the 
combustion  products  like  CO,  CO2,  H20  and  unburnt  hydrocarbons,  the  monochromator  wave¬ 
length  setting  is  258  cm-1  apart  from  the  exciting  laser  line  at  18797  cm-1  (532  nm) .  At 
flame  temperatures  the  population  of  the  rotational  states  peaks  at  higher  quantum  numbers 
(for  2000  K  at  J  *  19).  Therefore,  only  N2  rotational  lines  with  highest  possible  inten¬ 
sities  occur  in  the  oberved  spectrum.  The  resolution  of  our  optical  detection  system  is 
sufficient  to  separate  the  lines  originating  from  vibrational  states  v  =  0  and  v  «  1 . 

Lines  with  their  initial  states  v  *  2  merge  into  the  wings  of  the  preceding  lines  of 
v  *  o.  As  the  population  of  the  N2  vibrational  state  v  =  2  amounts  only  about  3.5  %  at 
2000  K  the  perturbation  of  the  intensity  distribution  of  the  v  =  0  rotational  lines  may 
be  considered  negligible. 

As  already  mentioned  the  Raman  scattered  intensities  are  extremely  low.  in  order  to  reach 
a  good  signal-to-noise  ratio  in  the  spectrum  and,  hence,  a  statistically  reliable  accuracy 
30,000  signal  pulses  at  10  Hz  repetition  rate  have  been  accumulated.  The  resulting 
temperature  is  2039  i  56  K  (±  2.8  %,  one  standard  deviation).  Fairly  long  accumulation 
times  are  required  to  achieve  this  or  better  accuracy.  A  spectrum  taken  with  doubled 
exciting  laser  energies  shows  reduced  scatter  in  the  intensity  distribution  of  the 
rotational  lines  and  indicates  a  temperature  of  2043  i  28  K.  However,  if  the  Raman  signal 
from  the  same  flame  position  is  accumulated  for  only  3,000  pulses, the  measured  tempera¬ 
tures  differ  from  each  other  much  more.  The  mean  and  standard  deviation  of  10  successive 
measurements  is  2072  ±  86  K. 

We  conclude,  provided  that  the  flame  itself  fullfills  the  necessary  stability,  spontaneous 
Raman  spectroscopy  is  an  independent  technique  to  measure  reliable  flame  temperatures 
in  an  environment  of  low  luminosity. 

Assuming  the  rotational  Raman  temperature  in  our  experiment  as  reference  temperature  CARS 
spectra  have  been  evaluated  using  different  models  for  the  homogeneous  Raman  linewidth 
and  fitting  different  parts  of  the  spectrum,  e.g.  only  the  vibrational  ground  state  of 
the  N2  Q-branch  (v  *  0  *»  1 )  or  the  vibrational  ground  state  and  the  hot  band  (v  *  0  ■*  1 
and  v  *  1  ■*  2) .  A  typical  broadband  CARS  spectrum  from  the  flame  center  is  shown  in  Fig.  6, 
together  with  the  residual  error  curve  for  the  best  fit.  Some  of  the  results  of  our  com¬ 
parative  Investigation  are  summarized  in  Tab.  3. 
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Line  Model 
for  rR 

NB  CARS 

Evaluated 

v  =  0  -*•  1 

BB  CARS 

Part  of  the  Spectrum 

v  »  0  -*■  1  and 

NB  CARS 

v  =  1  -*  2 

BB  CARS 

rR  *  constant 

2174  K 

2181  K 

2142  K 

2080  K 

residual  error 

0.  97 

0.78 

0.94 

1  .00 

rR  Hall 

1954  K 

1  989  K 

2065  K 

2001  K 

residual  error 

1  .OO 

1.00 

1  .00 

0.87 

rR  Farrow 

2008  K 

2037  K 

2065  K 

2014  K 

residual  error 

0.86 

0.62 

0.88 

0.60 

Raman 

1  pure  rotational  spectrum 

long  time 

(2039  ±  56)  K 

10  x  short  time 

(2072  ±  86)  K 

Table  3  Summary  of  CARS  (narrowband  and  broadband)  and  Raman  temperatures#  measured  in 
the  center  of  a  propane/air  flame,  10  mm  about  the  burner  surface;  data  evalua¬ 
tion  with  different  linewidth  models  and  different  parts  of  the  spectrum;  for 
a  better  understanding  the  residual  errors  were  normalized. 


The  approach  to  restrict  the  data  evaluation  to  the  region  of  the  vibrational  ground  state 
transition  v  =  0  -*  1  is  of  some  practical  interest.  By  excluding  the  hot  band  (v  =  1  -*  2) 
in  the  data  analysis  the  cpu  computer  time  needed  by  our  evaluation  program  can  be  reduced 
considerably.  It  has  to  be  examined  in  a  practical  situation  whether  the  uncertainty  in  the 
temperature  values  coming  in  by  the  evaluated  reduced  spectrum  is  tolerable  or  not. 

Comparing  the  three  linewidth  models  used  in  the  evaluation  program  the  constant  linewidth 
assumption  always  yields  temperatures  which  are  higher  than  those  resulting  from  the  other 
two  linewidth  models  and  from  spontaneous  Raman  data.  It  should  be  mentioned  that  Hall's 
linewidth  model  is  restricted  to  temperatures  above  900  K.  The  result  will  be  a  too  high 
temperature.  When  Hall's  and  Farrow's  linewidth  models  are  compared  the  result  is  that 
the  temperatures  from  Hall’s  model  are  always  slightly  lower.  The  CARS  temperatures 
derived  with  Hall's  and  Farrow's  model  are  in  good  agreement  with  the  Raman  temperatures# 
if  long  time  Raman  spectra  are  considered.  Raman  spectra  with  shorter  exposure  times  show 
enhanced  scatter  of  the  intensities  of  the  rotational  lines  and#  therefore,  yield  less 
accurate  temperature. 

The  CARS  temperatures  are  usually  slightly  lowered,  if  the  hot  band  is  included  in  the  data 
analysis.  If  only  the  vibrational  ground  state  is  evaluated,  the  differences  between  con¬ 
stant  linewidth  and  J-dependent  linewidths  become  more  pronounced. 

The  theory-experiment  fit  is  pretty  qood  for  all  three  models  considering  the  spectral 
shape,  but  it  turns  out  that  this  fact  alone  is  not  a  sufficient  criterion  for  accurate 
temperature  measurements.  Considering  the  residual  error  as  the  sum  of  the  squared  devia¬ 
tions  between  the  best  fit  and  the  experimental  data  Farrow's  model  performs  best,  where¬ 
as  in  the  case  of  a  constant  linewidth  and  Hall’s  model  less  significant  differences  are 
observed. (For  a  better  understanding  the  residual  errors  have  been  normalized  in  Tab.  3) . 

For  further  illustration  a  radial  temperature  profile  of  the  Investigated  propane/air 
flame  is  plotted  in  Fig.  7.  The  results  of  the  temperature  evaluation  with  and  without 
including  the  hot  band  in  the  CARS  data  analysis  are  shown  separately.  Different  symbols 
Indicate  the  temperatures  derived  with  different  assumptions  for  the  homogeneous  Raman 
linewidth  and  the  Raman  values.  The  Raman  data  contain  measurements  with  variable  exposure 
times.  The  scatter  of  the  data  points  on  the  flame  edge  becomes  larger,  where  steep  tem¬ 
perature  gradients  (  *  200  K/mm)  are  found.  Flame  flickering  is  the  most  probable  ex¬ 
planation  for  the  observed  scatter. 

In  conclusion,  the  two  linewidth  models  of  Hall  and  Farrow  et  al.  yield  temperatures, 
which  coincide  within  ±1.5%.  The  temperatures  are  in  good  agreement  with  those  derived 
from  spontaneous  rotational  Raman  spectra.  Provided  that  a  practical  application  requires 
still  more  accurate  temperature  values,  both,  a  more  precise  reference  technique  and  still 
further  improvements  in  the  linewidth  models  are  necessary. 
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Fig ♦  3  BOXCARS  geometry  for  improved  spatial  Fig.  2  Experimental  setup  used  for  simultaneous 
resolution  CARS  and  Raman  measurements 

B  burner  BS  bean,  splitter  CM  concave  mirror 
D  laser  dump  DM  dichroic  mirror  DP  Dove  prism 
FR  Fresnel  rhomb  IF  interference  filter 
L1-L4  lense  M  dielectric  mirror  P  dense  flint 
prism  T  telescope 


Fig.  4  Top:  Theory-experiment  fit  of  a  narrow- 
band  CARS  spectrum  using  a  constant  linewidth 
Bottom:  Residual  error  curves 
Upper  trace:  Theory-experiment  fit  using  a 
constant  Raman  linewidth;  T=2174K 
Lower  trace:  Theory-experiment  fit  of  the  same 
experimental  data,  but  using  Hall's  linewidth 
model;  T=1954K 
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Fig .  5  Part  of  the  pure  rotational  Raman 
spectrum,  recorded  in  the  premixed  propane/ 
air  flame;  the  N~  lines  belong  to  vibratio¬ 
nal  states  v=0,1,and  2. 

The  least-squares  fitted  straight  line  in¬ 
dicates  T= ( 204  3±28) K 


Fig .  6  Theory-experiment  fit  of  a  typical 
broadband  CARS  spectrum  (several  hundred 
laser  pulses  averaged)  in  the  premixed  pro¬ 
pane/air  flame;  Farrow's  linewidth  model  was 
used;  T=2014K 
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Fig .  7  Radial  temperature  profile  in  the  atmospheric,  laminar 
propane/air  flame;  CARS  temperature  values  evaluated  with  dif¬ 
ferent  linewidth  models  and  spontaneous  Raman  data  are  shown. 
The  full  triangles  represent  Raman  measurements  with  shorter 
exposure  time  and  therefore  lower  accuracy  as  indicated  by  the 
error  bars . 

left:  evaluation  of  vibrational  ground  state  only 
right:  hot  band  included  in  data  evaluation 
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DISCUSSION 


A^ctbretii,  US 

What  value  of  constant  linewidth  did  you  use  ’ 

What  values  of  constant  linewidth  gave  'correct'  temperatures  even  if  the  fit  was  not  the  best  least  squares? 
Author's  Reply 

For  the  best  fit  spectrum  shown  we  used  a  linewidth  of  .033  cm-'. 

Other  linewidths  lead  to  bad  theory-experiment  fits,  especially  in  the  region  of  the  band  head,  and  have  not  been 
evaluated. 


R. Farrow,  US 
Coonnent 

Both  models  are  now  dated  in  comparison  with  current  work.  Polynomial  exponential  gap  (D.Greenhalgh  et  al)  models 
and  other  exponential  gap  models  (Koszykowski  et  al.  Rodsasco  et  al,  and  others)  should  give  more  accurate  linewidth 
over  a  broader  temperature  range. 

R-B. Price,  UK 

In  the  paper  the  assumption  of  equal  contributions  from  Lorentzian  and  Gaussia  ources  is  made. 

(a)  What  is  the  basis  for  this  assumption? 

(b)  If  you  allow  the  ratios  to  vary,  does  this  make  a  difference  to  the  conclusions  drawn? 

Author’s  Reply 

In  broadband  CARS  thermometry  the  influence  of  the  combined  slit/detector  profile  has  to  be  taken  into  account  m  the 
spectrum  calculation.  We  do  this  by  fitting  a  suitable  spectral  line  which  we  record  with  our  detection  system.  In  most 
cases  equal  amounts  of  Gaussian  and  Lorentzian  contributions  give  a  good  fit.  With  these  evaluated  parameters  a 
CARS  spectrum  of  known  temperature  is  calculated  and  fitted.  However,  sometimes  it  is  necessary  to  change  the 
contributions  somewhat  to  improve  the  theory-experiment  fit  (temperature  influences  on  the  monochromator  detector 
system?).  But  this  should  have  no  remarkable  influence  on  the  conclusions  drawn  in  the  paper. 
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4  SUMMARY 

- 

This  paper  discusses  thf  theory  and  application  of  broadband  CARS  spectroscopy  for  ambient  (low) 
and  high  pressure  combustion  thermometry.  The  accuracy  of  broadband  CARS  la  assessed  from  300-3500 
Kelvin  for  pressures  around  1  bar,  and  ft^ora  300-700  Kelvin  for  pressures  from  1-20  bar.  The  use  of 
CARS  thermometry  for  both  "average"’  and  "Instantaneous"  measurements  Is  discussed.  Systematic  accuracy 
strongly  depends  on  the  quality  of  the  spectral  model  used  In  the  CARS  data  analysis  step,  CARS 
spectral  modelling  methods  are  discussed,  w^th  particular  reference  to  Important  recent  developments. 
Instantaneous  CARS  accuracy  la  importantly  influenced  by  noise  arising  in  both  the  broadband  dye  laser 
and  the  multichannel  detector.  Both  of  these  factors,' and  their  relative  Influences  are  assessed.  The 
application  of  CARS  thermometry  Is  Illustrated  by  application  to  both  in-cyllnder  studies  of  an 
operating  production  l.c.  petrol  engine  and  to  turbulent  combustion  In  an  oil-fired  30  kilowatt 
furnace. 


1.  INTRODUCTION 


Coherent  Anti-Stokes  Raman  Spectroscopy  (CARS)  Is  a  laser  spectroscopic  technique  for  probing 
gaseous  systems.  CARS  has  been  widely  used  for  ’ln-situ*  probing  of  temperature  and  species 
concentration  In  a  wide  variety  of  research^  1“5^develoDraent^6-10^,  and  Industrial*  1  1-1^devlces. 


Current  application  areas  include  combustion  »  hikihcci mg  ,  n*-c«in 

thermometry  for  nuclear  systems  application*  *^and  micro-electronics*1  .  To  date  its  greatest  usage 
has  been  for  probing  hostile  combustion  systems,  normally  for  thermometry  but  Increasingly  for  species 
concentrations.  For  combustion  diagnostics  and  heat  transfer  studies  It  offers  certain  significant 
advantages  over  conventional  mechanical  probes. 


(1-3.  5-14) 


chemical  engineering 


(4,  15) 


(1)  It  Is  non-lnvaslve  (apart  from  windowing  when  required) 

(11)  It  is  spatially  precise 

(111)  measurements  are  typically  made  In  a  single  10  nano-second  laser  pulse  -  thus  flow 
fluctuation  (turbulence)  are  frozen 

(lv)  It  is  Insensitive  to  background  luminosity  or  fluorescence  emissions 

(v)  It  Is  durable  -  laser  beams  are  not  irreparably  damaged  by  violent  flow  transients  or 
particles. 


For  these  reasons  CARS  Is  rapidly  becoming  an  Important  diagnostic  technique  for  research  and  practical 
combustion  studies.  In  this  paper  we  discuss  and  analyse  the  accuracy  of  broadband  CARS  nitrogen 
thermometry.  The  analysis  of  CARS  spectra  requires  an  accurate  computer  model  of  the  nitrogen  CARS 
spectrum.  Firstly,  a  descriptive  overview  Is  presented.  Secondly,  a  detailed  mathematical 
presentation  of  the  latest  CARS  computer  model  is  given.  Thirdly  the  accuracy  of  both  "average”  and 
"Instantaneous"  thermometry  Is  presented;  in  particular  dye  laser  and  detector  noise  problems  are 
discussed.  Application  of  the  technique  Is  illustrated  from  recent  studies  of  s  production  petrol  l.c. 
engine*  14^and  30  kW  oll-flred  furnace  *^. 

2.  CARS  SPECTROSCOPY  OVERVIEW 


Both  the  theory  and  application  of  CARS  spectroscopy  have  received  wide  attention  In  a  number  of 
reviews  (18-20).  These  reviews  provide  an  additional  lndepth  treatment  to  which  the  Interested  reader 
Is  referred.  The  essentials  of  the  CARS  process  ere  Illustrated  In  Figure  t.  Two  lasers  provide  beams 
of  frequencies  Wj  and  ,  which  are  used  to  generate  a  signal  beam  at  a  frequency  <*>M«  To  generate  the 


♦This  work  has  been  suoported  by  a  combination  of  the  UKAEA's  Underlying  Programme  and  the  UK 
Department  of  Energy  ISA  Programme. 
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signal  efficiently  the  beams  must  be  geometrically  combined  In  the  medium  to  achieve  phase  or  momentum 
matching.  The  resultant  signal  Is  a  coherent  'laser-like'  beam  at  a  frequency  “ag“  2u>|-  ug.  The  laser 

at  Wj  Is  termed  the  pump  laser  and  Is  usually  spectrally  narrow.  The  laser  at  wg,  usually  broadband. 

Is  termed  the  “Stokes"  laser  due  to  Its  'red  shift'  with  respect  to  the  pump  laser.  The  generated  CARS 
signal  beam  at  wag  is  termed  "anti-Stokes"  due  to  the  its  'blue  shift'  from  the  pump  wavelength.  In 
this  paper  only  broadband  CARS  where  uig  is  broad  will  be  discussed.  Narrow  band  CARS  is  not  usually 
suitable  for  studying  practical  or  turbulent  combustion  devices. 

One  conceptual  model  of  the  CARS  process  is  presented  below.  The  Interaction  of  a  pump  laser  beam 

(Uj)  and  a  Stokes  laser  beam  (u>s)  will  result  In  an  Interference  pattern  where  the  laser  beams  cross. 

Interaction  of  the  lasers  with  the  medium  will  result  In  a  complex  optical  density  modulation  of  the 
medium  which  mimics  the  interference  pattern,  thus  the  induced  "pattern"  is  in  effect  a  transmission 
grating.  Because  the  two  lasers  are  of  different  frequencies  the  induced  grating  will  he  apparently 
moving  across  the  intersection  volume  at  great  speed.  Also  the  finite  interaction  length  of  the  lasers 
will  cause  the  grating  to  be  three  dimensional.  Therefore  a  second  incoming  component,  of  the  pump 
laser  (Wj)  must  be  specifically  vectored  onto  this  grating  to  optimise  diffraction  from  the  grating.  A 
small  portion  of  this  second  laser  beam  will  Interact  with  this  Induced  transmission  grating  and  will 
be  both  diffracted  through  an  appropriate  angle  and  frequency  up  shifted  (by  an  amount  Wj-  ug).  Using 
this  conceptual  model  most  of  the  Important  effects  of  CARS  can  be  accounted  for.  The  accurate 
vectoring  of  the  laser  beams  is  usually  known  as  phase-matching.  In  Figure  1  the  three  beam  phase- 
matching  geometry,  well  known  as  folded  BOXCARS  is  Illustrated  (21~23).  BOXCARS  can  also  be  realised 
using  a  two  beam  geometry  (24, 11)^  However,  another  very  common  geometry  is  collnear  CARS.  In 
colinear  CARS  all  beams  co-propagate  and  the  Induced  grating  may  be  thought  of  as  possessing  a  one 
dimensional  structure  which  lies  along  the  propagation  axis  of  the  laser  beams.  In  this  case  the 
generated  CARS  signal  appears  frequency  shifted,  but  is  not  deflected. 


CARS 

(COHERENT  ANTI  -  STOKES  RAMAN  SPECTROSCOPY  I 


-METHOD- 
LENS  LENS 


—  ENERGY  LEVEL  DIAGRAM  — 


—  SPECTRUM  — 


A  =  606nm  A*  532ftm  A*474nm 

(NITROGEN  SPECTRUM) 


FIC-.  1.  Schematic  of  CARS  Process 


The  efficiency  of  the  grating  will  depend  on  the  Interaction  of  the  two  laser  beams  with  the 
medium.  The  principal  coupling  coefficient  between  the  lasers  and  the  medium  la  termed  the  third  order 
bulk  susceptibility  (x*3*).  To  generate  a  signal  at  u»M-  2uj  -  the  medium  must  have  a  response  at 

either  (wj-  u>8)  or  2W|.  The  first  of  these  («j-  ug)  normally  corresponds  to  a  Raman  active  vibrational 
transition  of  a  gas  molecule,  the  second  (2wj)  is  normally  a  two  photon  sum  electronic  transition.  In 


the  second  case  (2u>j)  the  grating  would  of  course  be  formed  from  the  two  pump  laser  beams.  Usually 
2U|  la  not  resonant  with  an  electronic  transition  and  the  two  photon  electronic  effects  Is  weak,  thus 
this  process  gives  rise  only  to  a  weak,  spectrally  flat,  term  known  as  the  non-resonant  background. 
However,  (a>j-  wg)  may  be  readily  tuned  to  strong  Raman  transitions  such  as  the  nitrogen  Q-branch. 
Q-branch  transitions  occur  for  vibrational  quantum  state  changes  of  one  (Av  -  ±  1)  and  rotational  state 
changes  of  *ero  (AJ  -  0).  For  nitrogen  this  band  is  at  2330  cnT*  and  is  easily  matched  by  the 
frequency  difference  between  a  doubled  Nd:YAG  laser  and  an  optically  pumped  dye  laser.  The  grating 
Induced  by  the  frequency  difference  (u>j  -  wa)  la  a  two  photon  transition  and  will  contain 
contrlbutlona  both  from  the  imaginary  part  of  (equivalent  to  absorption  or  optical  density  for  a 
one  photon  transition )and  the  real  part  of  X^3^  (equivalent  to  refractive  index  for  a  one  photon 
transition).  Thus  the  final  CARS  spectrum  also  contains  contributions  from  both  terms. 

To  enable  a  temperature  to  be  recorded  in  a  single  laser  pulse  the  whole  of  the  nitrogen  Q-branch 
spectrum  must  be  generated  in  a  single  laser  pulse.  This  is  achieved  by  using  a  broadband  dye  laser 
for  the  Stokes  laser;  spectrally  this  is  illustrated  in  the  lower  part  of  Figure  1.  The  main  problems 
with  slngle~pulse  broadband  CARS  are  noise  In  the  spectrum  of  the  dye  laser  and  Poisson  noise  arising 
In  the  multichannel  detector*  These  problems  are  fully  discussed  In  a  later  section.  CARS  nitrogen 
Q-branch  spectra  are  strongly  temperature  dependent.  Typical  spectra  (theoretical)  from  500K  to  2000K 
are  shown  In  Figure  2.  At  low  temperatures  the  spectrum  arises  from  transitions  between  the 
vibrational  levels  V-0  and  V-l  for  many  rotational  levels  (Quantum  number  J).  Each  rotational 
"side-band"  Is  shifted  by  approximately  ae  J(J+1)  from  the  J-0  level,  aft  Is  the  vibrational-rotational 
coupling  constant  and  is  of  order  0.02  cm-*.  A  typical  broadband  CARS  system  has  a  resolution  of  only 
1-2  cm”*  so  many  of  these  rotational  "side-bands”  are  not  fully  resolved.  However,  at  high 
temperatures  where  high  J  states  are  populated  the  splitting  between  lines  is  Just  sufficient  to 
observe  some  structure  In  the  spectrum.  Generally  the  effect  of  Increasing  temperature  la  to  broaden 
the  V-l+V-0  Q-branch.  At  high  temperatures,  normally  above  1000K  a  new  band  appears  at  lower  Raman 
shift,  these  correspond  to  V-2*V»1,  V-3+V-2  etc  transitions.  The  pronounced  features  on  the  V-2+V-1 
band  arise  due  to  accidental  coincidence  of  rotational  side-hands  of  both  V-Z+V-l  and  V»1+V»0 
transitions.  In  CARS,  the  intensity  depends  on  the  modulus  squared  of  the  bulk  molecular 
susceptibility  and  hence  such  coincidences  give  rise  to  a  non-linear  increase  In  Intensity. 


FIG.  2  Plots  of  CAPS  Spectra  of  Nitrogen  as  a  Function  of  Temperature  (Intensities  normalised) 


Temperature  analysis  of  a  CARS  spectrum  Is  performed  by  analysing  its  overall  shape.  There  are 
several  methods.  In  the  most  widely  used,  a  model  spectrum  is  least  squares  fitted  to  an  experimental 
spectrum  with  temperature  as  the  principal  variable'**2,2****2®).  Alternatively,  slmole  algorithms, 
based  on  the  areas,  widths  or  height  of  specific  spectral  features  may  be  employed ^ **).  Temperature 
analysis  Is  also  facilitated  If  the  spectral  operation  of  the  dye  laser  la  modified  to  specifically 

Lastly,  for  the  pure  rotational  CARS  S-branch  spectrum  of 

(27) 


,(25) 


select  certain  features  of  the  spectrum 

nitrogen*' 26) ,  which  la  occasiorally  choeen  as  an  alternative  to  the  vibrational  Q-branch  spectrum1 


Fourier  analysis  may  be  employed 


(28) 


At  Harwell  we  have  found  the  least  square  method  to  be  both  the 


/  29) 

most  reliable  and  the  most  general  for  broadband  CARS  thermometry'  'and  that  Q-branch  apectra  are 
easier  to  generate.  Comparison  of  the  first  two  analysis  techniques,  on  the  same  CARS  data  obtained  in 
an  Isothermal  tube  furnace,  has  shown  that  some  simple  algorithms  may  lead  to  systematic  errors  of  up 
to  The  latter  two  methods  are  relatively  new,  and  as  yet,  have  not  been  extensively  tested. 

Extensive  testing  for  least  squares  analysis  has  shown  the  method  to  be  completely  reliable' 2^“3*)for 
the  region  300-1 500K.  Por  temperatures  in  excess  of  2000K  a  new  method  for  determining  CARS 
temperature  accuracy  has  recently  been  proposed  (32,33)an<j  accuracies  of  order  IX  have  been  found  for 
the  region  2000K  to  3500K  using  least  squares  analysis^ ^2,33)^  Further,  for  thermometry  measurements 
in  turbulent  diffusion  flames  the  apparent  nitrogen  concentration  may  change  in  an  unpredictable 
manner.  Concentration  changes  can  markedly  affect  CARS  temperature  analysis  If  not  accounted  for.  By 
using  least  squares  analysis  concentration  changes  can  be  readily  accounted  for  with  only  a  minimal 
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effect  on  temperature  accuracy (29, 34)^  For  the  above  reaaona  thia  paper  will  concentrate  on 
temperature  analysis  of  broadband  CARS  spectra  of  nitrogen  Q-branchee  using  least  squares  analysis. 

3.  THEORY  OF  CARS  SPECTROSCOPY 


In  the  preceding  section  an  overview  description  of  the  CARS  process  was  given.  In  this  section  a 
theoretical  basis  for  the  Interpretation  of  CARS  spectra  of  nitrogen  Q-branchee  will  be  given. 
Physically,  the  origin  of  CARS  lies  In  macroscopic  polarisation  Induced  by  the  Incident  electric 
fields.  This  Induced  polarisation  acts  as  a  source  term  in  Maxwell's  equations  applied  to  coherent 
CARS  signal  generation.  It  Is  the  third  order  nonlinear  electric  susceptibility  (x^^)  which  relates 
macroscopic  polarisation  to  the  cube  of  the  Incident  electric  field,  consequently  the  analysis  of  x*  ' 
Is  central  to  the  analysis  of  CARS  spectra.  A  fuller  review  of  the  basic  theory  may  be  found  in 
references  18,  19  and  35. 

The  nonlinear  polarisation  of  matter  Is  given  by 

P  m  4.  ^(2)j»2  +  3)g3+  (j) 


Unless  the  electric  field  power  is  high  the  first  term  dominates  and  ar-ounts  for  most  simple 
optical  phenomena  (e.g.  absorption,  refraction,  dispersion  etc).  At  high  field  strength  the  second  and 
third  terms  become  important,  x^2^ls  associated  with  processes  such  as  frequency  doubling,  this 
process  Is  commonly  used  to  up  convert  laser  frequencies  as  In  the  frequency  doubled  Nd:YAC  laser.  The 
lowest  order  nonlinearity  in  isotropic  media  such  as  gases  is  x^^»  As  well  as  CARS  this  term  is 
responsible  for  a  whole  variety  of  effects  Including  third  harmonic  generation 
and  inverse  or  stimulated  Raman.  The  CARS  polarisation  component  is  given  by^ 


,  optical  Kerr  effects 
$5> 


P(3)  (<*„„)  -  xJ&C 


-wfl8;  -  <i>g)  E(uJj)E(wpE*(<*>8)  +c.c.;  u>ai 


(2) 


*ijkl*8  8  f°urth  rank  tensor  and  is  characterised  by  four  polarizations  (i,j,k,l)  and  four  frequencies 
(o>j,<i)j,a>8  and  u>a8),  Assuming  plane  waves  defined  as 


J  Vje 


Mkj* 


+  c. 


O) 


where  z  la  the  propagation  axis,  and  by  using  equation  (2)  aa  a  source  ten*  in  Maxwell's  wave  equation 
it  can  be  shown  that ^ 18-20 »^5) the  CARS  8ignai  intensity  is 


2  ,  (3)  2  2 

h  I.|3X  |  L 


(*> 


where  both  perfect  phase  matching  and  monochromatic  laser  sources  are  assumed.  In  equation  (4)  c  is 
the  speed  of  light,  waB  is  the  CARS  signal  frequency,  n  Is  the  refractive  index  at  u>a8 ,  L  la  the  laser 
beam  Interaction  length  and  1^  and  I8  are  the  intensities  of  the  pump  and  Stokes  lasers  respectively. 
The  effects  of  finite  laser  widths  are  discussed  later.  X^^l*  the  third  order  bulk  electric 
susceptibility  of  the  medium  and,  assuming  Isolated  lines  Is  given  by 


(3) 

X 


XNR 


4x  N  c  ,do. 

b  .}  f (dfl)j 


[(», 


“1  +  “.)  -  1  rj] 


(5) 


where  (do/dO).  le  the  so-csiled  Xmn  cross  section  of  the  line  of  the  probed  species,  h  is 

Planck's  constant,  N  Is  the  number  density,  A p  the  population  differences  between  upper  and  lower 
states  of  the  jth  resonance  of  the  probed  species.  Note  the  line  shape  tens  [....]  Is  a  complex 
Lorentzlen,  for  high  preaauree  this  function  Is  replaced  by  the  reciprocal  of  the  eigenvalues  of  the 
complex  G  matrix  together  with  associated  complex  weights' This  point  Is  discussed  leter.  x^g 
is  a  spectrally  flat  contribution  from  all  the  constituents  of  the  medium.  For  strong  resonances  x^r 
produces  only  a  slight  modification  to  the  spectrum.  For  a  single  resonance  (X^)2  becomes 

xO)2  .  (lMgXj)2  +  ( Res l X j  ) 2  ♦  2  R«alXj  X[IR  +  X|)I!2  (6) 

As  the  concentration  decreases  the  contribution  to  the  CARE  signal  from  the  species  resonance  Xj  will 
approach  Xrr*  Thus  the  lest  two  terms  in  equation  (3)  become  important.  Imaginary  x*  has  a  simple 
Lorentzlen  chape  but  Reel  x<  has  e  dispersive  shape.  Therefore  as  species  concentration  changes,  the 
spectrum  shape  changes;  this  la  llluatrated  in  Figure  3  for  the  (^-branch  of  00. 
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Anti -Stokes  Wavelength 


FIG.  3.  Calculated  Spectra  of  CO  as  a  Function  of  Concentration  at  703K  (intensities  normalised) 


Species  concentrations  may,  in  principle,  be  derived  directly  from  the  signal  intensity;  however, 
uncertainties  in  laser  intensity  and  the  complex  form  of  equations  3-6  can  lead  to  serious  error.  Most 
practical  analysis  is  based  on  equation  6  and  uses  the  shape  of  the  spectrum^®*  ^  ^ .  This  has  the 
advantage  that  both  temperature  and  species  concentration  are  simultaneously  determined'  ’  *  '  and 

this  enables  spectra  from  turbulent  diffusion  flames  to  be  correctly  analysed. 


The  central  problem  in  calculating  CARS  spectra  is  to  determine  an  "observed"  x^^such  that  all 
medium,  laser,  spectrograph  and  detector  parp aeters  are  properly  accounted  for.  Certain  advances  in 
CARS  theory  have,  at  first,  appeared  to  significantly  complicate  the  problem  and  considerable  Increase 
computing  times.  One  factor  is  the  so-called  "cross -coherence"  effect  which  properly  accounts  for 
partial  coherences  in  the  CARS  signal,  these  partial  coherences  arise  when  finite  bandwidth  pump  lasers 
are  Another  factor  is  motional  narrowing (  14 , 16)^  goth  these  factors  are  Important 

even  for  ambient  temperature  and  pressure  nitrogen.  Recently  a  simple  approach  which  properly  accounts 
for  both  these  effects  has  been  published^  •  The  model  used  for  analysis  of  the  data  presented  in 
this  paper  is  based  on  this  approach  and,  excluding  detector  and  spectrograph  convolutions  la  defined 


by 


(43) 


,(o) 


1  2 


*NR  Z  *1  *1  *  c*c« 


*  7T  f  UJ  "1  +  *  771  (£  Wj)<!:  *J  "J>* 

2  ri  J  2  <| 

where  Uj  -  t  a{  [A£  -  Xj  -  1  Aj  -  i  A£  ]“  * 

and  Wj  la  the  well  known  complex  error  function,  namely 


with 


w.  -  w(x.)  -  £ —  dt  (im  *i  >  0) 

J  J  %  -•  ,^-t  3 

tj.  (M  '  :  "»<p)»  -  tS 


(7a) 

(7b) 


(7c) 


(  7d ) 


Hare  Aj  end  X"  ere  the  complex  eigenvalues  of  the  ao-celled  G-matrlx  and  the  e^  ere  complex  weights 
formed  from  tne  complex  eigenvector*  of  the  C  matrix,  Raman  scattering  cross  sections,,  and  quantum 
atete  population  factors,  for  most  situations,  where  Tj  >>Tq  (Tq  «*  the  Doppler  width)  elmultaneous 
(fp  4  Tj)^  and  the  factor  [\£  -  Aj  -  i(\£  4  Ap)“*  la  replaced  by 
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<-  i  /n//2rD) 


/2  rD 


Following  references  34  and  33  mathematically  this  gives: 

A  •  A“l  •  A  •  A~ ^  •  a  \  A’1 


so  that 


a  ■  (o  •  A)  •  (A'1  •  Ap  •  a) 


with 


G(w)  -  I(in)  +  G(o) 


(7e) 


(8a) 


(8b) 

(8c) 


Thus  the  simplistic  scalars  and  Lorentzlan  function  of  equation  (5)  are  replaced  by  equations  (7)  and 
(8)  together  with  the  following  further  definitions.  Neglecting  polarization  effects ,  we  have 


where 


and  Cj  and  Cy  are  given  by  (42) 


a2  -  8  c4 

J  h  “a4 


do 


dQ 


V»J 


V.J 


“0,0 


Cj  -  1  -  1.5  (a j+1)  J(J+1)  a| 


(9a) 


(9b) 


(9c) 


also 

Cv  -  [ I  -  1.5  Vb,  +  (11/4)  Vb|]/[ 1  -  1.5  b,  +  (ll/4)b|]2 

vlth  ®1  '  1  ~  V“« 


b2  -  1/6  [ 2wex./Be( 1 5/4 )«2 J 

The  population  difference  matrix  bp  In  equation  8  la  diagonal  and  la  defined  as 


(9d) 

(9e) 

(90 

(9g) 
(  9h  ) 


ipjk  "  SJk(pJl  “  pjf)  (lna) 

where  and  pjj  are  the  initial  and  final  state  populations  of  the  Jth  transition,  6^  Is  the 
Kronecker  delta  function  (6^  ■  $(J*k)). 

g  .( 2J+1  )V  _(E.,+Er)/kT 

PU-_1 _  (e  V  J  )  (10b) 

V  qr,(v> 

where  Qv  and  QR(V)  are  the  vibrational  and  rotational  partition  functions  and  1  represents  quantum 
states  J  and  V.  The  crucial  element  for  calculating  spectra  as  a  function  of  pressure  Is  the 
G-eutrlx.  This  Is  given  by 


Cjk"  [-U.J-  <u0 


-Aj  *  irjj6jk  ♦  lYJkCl-V 


(lie) 
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where  Uj  Is  the  line  transition  frequency,  u0  Is  an  arbitrary  constant,  Ij  the  transition  half  widths 
at  half  maximum  and  A^  are  the  transition  frequency  pressure  shifts.  The  latter  are  nonsally  Independent 
of  J  and  constitute  only  an  overall  frequency  shift  of  the  spectrum.  This  Is  easily  handled  In  the 
data  processing  and  the  A.  'a  are  consequently  ignored.  Note  that  the  diagonal  of  the  G-oatrlx  Is  Just 
the  inverse  of  a  complex  Lorentcian  vector.  The  key  factors  In  motional  narrowing  are  the  y^'s. 

There  are  two  Important  constraints  on  the  Firstly,  la  related  to  by  the  unitary 

principle  which  is 

rj-  »V  ♦  J  -  <llb) 

where  ♦y  is  a  small  vibration  dephsalng  contribution  to  the  molecular  llnewldth,  typically  #v  Is  less 
than  5X  of  for  nitrogen.  Secondly  detailed  balance  requires  that 

flc  -  fkjPj  <llc> 

Equations  7— 1 i  form  the  basis  for  calculating  CARS  spectra  fully  Including  the  effects  of  laser 
cross-coherence,  motional  narrowing,  and  anharmonlc  and  centrifugal  corrections.  The  latter  two 
factors  are  small  other  than  at  high  temperatures  (e.g.  above  2000K).  The  two  most  important  effects 
are  laser  cross -coherence  and  motional  narrowing.  Cross-coherence  effects  arise  since  the  pump  laser 
has  a  finite  bandwidth.  Consider  two  discrete  components  of  u>j,  namely  u>j  and  Uj.  In  this  case  the 
equations 


(»i  -  u>9)  +  -  wae  (12a) 

(wj  -  ug)  +  u)J  -  u>ag  (12b) 

give  exactly  equal  anti-Stokes  frequencies  but  for  different  Raman  shifts  (component  in  parenthesis) 
and  consequently  corresponds  to  different  values  of  Purther,  It  is  easy  to  see  if  $  is 

substituted  for  u>  in  equations  12a  and  12b  both  of  the  generated  waves  at  wgg  are  ln-phase  and  will 
consequently  add  coherently.  Simultaneously  the  two  components  (wj  and  w'j)  give  rise  to  spectral 
separate,  randomly  phased  contributions  at 

(w'  -  wg)  +  »>i  -  u>^8  (12c) 

and  (w"  -  u)g)  +  w'j  ■  u"g  ( 1 2d ) 

Processes  arising  from  12a  and  12b  can  be  thought  of  as  "cross-coherent  terms"  and  those  from  12c 
and  I2d  as  Incoherent  or  "normal  atolchastic  contributions".  These  two  types  of  contributions 
correspond  directly  to  the  4th  and  3rd  terras  In  equation  (7a).  In  equation  (7a)  a  full  Integration 
over  an  assumed  Gaussian  distribution  of  laser  mode  intensities  is  Included. 


FIG.  4.  Fourier  Pair  of  an  Exponentially  Decaying  Sine  Wave  and  a  Lorentzlan  Line  Shape 
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The  effects  of  notional  narrowing  nay  be  illustrated  by  considering  a  Q-branch  of  a  hypothetical 
solecule  with  two  vibrational  transitions  arising  from  only  two  rotational  levels,  say  Jj  and  Jj. 
Consider  one  of  the  two  states  and  its  associated  transition  or  spectral  line*  Inelastic  collisions 
will  restrict  the  lifeline  of  any  molecule  in  this  state  in  a  randoa  way.  Thus  an  ensesble  of 
molecules  nay  be  thought  of  as  having  a  "characteristic'*  or  "average"  lifetime  in  the  state  x. 
Increasing  pressure  will  increase  collision  rate  and  correspondingly  linearly  decrease  t.  The  emitted 
CARS  signal,  from  this  ensemble  of  molecules,  will  then  correspond  to  a  randomly  Interrupted  ensemble 
of  sine  waves.  This  process  is  properly  represented  by  an  exponentially  decaying  sine  wave  where  the 
characteristic  of  the  exponent  is  -x.  The  above  situation  and  its  equivalent  Fourier  transform  pair  in 
the  frequency  domain,  is  illustrated  in  Figure  4.  Note  that  the  spectral  llneshape  is  a  Lorenttlan, 
at  low  pressures  its  half  width  will  increase  linearly  with  gas  pressure  as  x  decreases.  This  is  the 
classical  picture  of  pressure  broadening  of  spectral  lines;  because  it  treats  each  transition 
separately  it  is  referred  to  as  the  "Isolated  lines  model".  However,  the  Isolated  lines  model  does  not 
take  account  of  what  happens  to  a  molecule  after  an  inelastic  collision.  If  It  merely  "Jumps"  into  the 
other  state  (e.g.  J.-*  Jj)  and  the  apparent  vibrational  motion  is  essentially  unperturbed  then  the 
molecule  will  have  appeared  to  have  changed  frequency  but  with  no  interruption  in  its  vibrational 
phase.  Such  a  situation  will  significantly  complicate  the  isolated  lines  picture.  Just  such  a 
situation  is  schematically  illustrated  in  Figure  5.  For  clarity,  the  time  domain  in  Figure  5  shows  the 
specific  behaviour  of  the  spectral  emission  from  an  "average"  molecule  undergoing  collisions  at 
intervals  of  T,  This  is  obviously  hypothetical  since  in  practice  an  ensemble  of  molecules  will  be 
experiencing  collisions  after  random  time  Intervals  where  x  is  the  characteristic  time  Interval.  The 
frequency  domain  does  represent  the  real  situation  of  a  molecular  ensemble.  At  low  pressure,  molecular 
lifetimes  are  long  and  the  transitions  narrow.  As  pressure  increases,  t  decreases  and  the  transitions 
broaden  in  a  linear  fashion.  However,  when  x  Is  small  the  molecule  switches  rapidly  between  its  two 
quantum  states  (Jj  and  Jj)  and  the  spectrum  collapses  to  a  single,  sharp,  line.  Under  these 
circumstances,  the  switching  time,  or  mean  time  between  collisions,  is,  in  effect,  comparable  to  the 
inverse  of  the  frequency  difference  between  the  Bpectral  lines.  Nitrogen  behaves  in  this  fashion  at 
high  pressure,  but  in  this  case  the  calculation  is  very  complex  because,  depending  on  the  temperature, 
up  to  50  rotational  states  and  4  vibrational  Q-branches  may  be  involved. 


FIG.  5.  A  Schematic  Illustration  of  Motional  Narrowing  for  a  Hypothetical  "Two  State"  Molecule. 
Pseudo  Fourier  Pairs  -  see  text. 
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In  practice,  the  problem  ia  to  define  the  Individual  relaxation  rates  between  Individual  states; 
for  nitrogen,  up  to  2,500  rates  say  be  required  to  coapute  a  spectrum  by  Inverting  the  G-matrlx.  The 

first  attempt  at  an  efficient  formulation  which  solved  both  problems  was  found  by  Hall  and 

Greenhalgt/  ^snd  is  based  on  the  Gordon  rotational  diffusion  model.  However,  recent  experimental 
data,  particularly  from  Sandia  National  Laba^37’*53,  but  also  ln-cyltnder  i.c.  engine  measurements  at 
Harwell^*3,1*3,  have  shown  that  this  model  la  Inadequate.  Therefore  calculations  have  to  be  based  on 

the  full  G-matrlx  approach  equations  7-11  and  a  model  for  describing  the  rates,  in  equation  II 

la  required.  Such  a  model  needs  to  properly  accounted  for  the  constraints  of  unitary  (equation  lib) 
and  detailed  balance  (equation  lie).  Initial  approaches ^^fltted  staple  models,  usually  called 
scaling  lawa^4®3,  to  known  or  predicted  experimental  linewldtha. 


More  convenient  are  models  which  are  accurately  self  consistent  with  known  Unewldths  and 
equations  lib  and  He.  Such  a  model  has  been  formulated  and  is  known  as  the  Polynomial  Energy  Gap  or 
PEG  law  ^7)  However,  this  model  also  underestimates  narrowing  in  known  N2  spectral  dated^3*^’^  * 
This  has  led  to  impro**<J  models  based  on  the  exponent  of  the  energy  defect  between  the  states  Involved 
In  the  rotationally  Inelastic  collisions.  A  model  which  Is  self  consistent  with  early  experimental 
llnewldth  data,  equationa  (lib)  and  (11c),  and  known  CARS  spectra  up  to  1000K  is  the  Differential 
Energy  Gap  (DEG)  scaling  law^3*’**\  Such  a  model  has  been  employed  for  a  wide  range  of  CARS  data  and 
has  been  found  to  give  excellent  results  up  to  I000K  and  2C  bar  (detailed  results  are  shown  later). 

The  full  paraoeterised  model,  fitted  to  known  data^®“^®\  gives 

rJk  -  p  •  T"*  •  K  •  pjb  pj1  (13) 

where  a  -  1.2807,  K  •  33.3226,  b  ■  1.63,  c  -  1.4,  P  is  pressure  and  T  is  temperature. 

Very  recently  an  alternative  model  has  been  formulated^^'^^from  a  full  range  of  accurate  Inverse 
Raman  llnewldth  measurements^^.  The  DEG  model  as  stated  in  equation  (13)  gives  very  good 
for  CARS  thermometry.  Essentially  the  DEG  model  is  a  conventional  exponential  scaling  law 
with  the  Inclusion  of  a  term  where  b-c  ■>  0.23.  This  factor  behaves  In  a  similar  fashion  to  the 

perturbation  correction  factor  employed  in  the  Energy  Corrected  Sudden  (ECS)  extension  of  Impact  Order 
Sudden  Theory  The  perturbation  correction  factor  which  accounts  for  partial  rotation  of 

the  molecules  during  the  molecular  collision,  was  first  investigated  for  nitrogen  CARS  applications  by 
Hall^523.  A  similar  factor  is  also  employed  In  alternative  models.  The  DEG  model,  equation  (13), 
accurately  reproduces  the  functional  form  of  the  rotational  ot  dependence  of  even  the  most  recent 
llnewldth  data^513,  however  Its  overall  scaling  of  Unewldths  is  slightly  out  (circa  10Z  maximum). 

This  small  error  does  not  significantly  affect  CARS  thermometry  accuracy  for  a  wide  range  of 
temperatures  and  pressures  and,  as  is  shown  in  the  results  section,  excellent  accuracy  may  be  achieved 
using  equation  13.  Small  errors  in  llnewldth  scaling  are  in  any  caae  unimportant  for  low  and  medium 
resolution  CARS^2*3;  however,  errors  in  the  form  of  the  J  dependence  are  not^29,53^.  This  clearly 
points  to  the  fact  that  the  overall  llnewldth  scaling  of  the  DEG  model  la  not  properly  described  by  the 
T**®  factor.  A  model  which,  for  practical  purposes,  rectifies  this  situation  is  propoad  below  and  Is 
termed  P-DEG  or  Polynomial-Differential  Energy  Gap. 


accuracy 

(37,38,40) 


yjk  -  «]•  KtT'i>eJb  Pk 


(14) 


Comparison  of  predicted  and  known  linewldtha^®' 51  ^is  shown  In  Figure  6.  The  overall  agreement  la 
excellent.  All  theae  scaling  laws  are  however  approximations  and  there  la,  as  yet,  no  overriding 
physical  basis  for  preference  of  a  given  model.  Indeed  recently  both  the  Gordon  model  and  the  PEG  model 
have  been  extensively  revised  and  used  to  obtain  *ich  improved  agreement  with  experimental 


■ 

Rohn 

— 

Theory 

□ 

Rososco  el  ol 

Modified  DEG  Scaling  law 

Comparison  of  Llnewldth  Measurement#  (refs.  48  A  51)  with  the  ®-nrr,  Healing  Law  "odel 


FIG.  8. 
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In  forming  a  computer  code  for  prediction  and  temperature  analysis  of  CARS  spectra ,  It  is  vital  to 
include  appropriate  convolutions  for  the  "instrument  function”.  This  arbitrary  function  arises  from 
the  finite  resolving  power  of  the  analysing  spectrograph  and  from  cross-talk  in  the  intensified 
detector.  For  many  instruments  this  function  is  well  represented  by  a  Voight  funct ion^^’  ^ . 

Typically  most  of  the  CARS  spectrometers  at  Harwell  have  instrument  functions  Indistinguishable  from 
Voight  profiles.  Thus  the  “observed"  CARS  spectrum  is  given  by 

-  1  v<rLrc.fl)dA  ia9(uas)  os) 

where  I  afi  ( u>ag )  is  given  by  equation  7-U  and  13  or  14,  A  is  detuning  from  u)ag  and  and  Tp  are  the 
H.W.  Lorentzian  and  1/e  H.W.  Gaussian  components  of  the  instrument  function.  Such  a  convolution  may  be 
readily  computed  by  a  single  Simpsons  rule  integration.  However,  after  a  little  thought,  an 
essentially  fully  analytic  solution  for  equation  15,  following  the  Integral  methods  used  in  equation 
(7),  is  possible  and  will  be  published  shortly^**).  Occasionally,  as  in  the  case  of  one  of  our  Harwell 
instruments,  a  slightly  asymmetric  instrument  function  is  found.  This  has  been  accounted  for  by  post 
convolutlng  equation  15  by  a  “one-sided"  exponential  function,  this  is  physically  somewhat  analogous  to 
a  time  constant  of  a  chart  recorder.  This  process  is  mathematically  trivial  and  is  not  given 
explicitly. 

4.  DATA  ANALYSIS  THERMOMETRY  ACCURACY  AND  INSTRUMENTAL  NOISE 


In  this  section  the  data  processing  method  employed  is  discussed.  Secondly  the  accuracy  of  CARS 
"averaged"  temperatures  is  assessed.  Thirdly,  factors  affecting  instrumental  noise  for  instantaneous 
or  single  pulse  CARS  are  discussed.  Finally,  the  combined  effect  of  instrument  noise  (lasers  and 
detector)  are  examined  and  an  analysis  presented. 

All  results  published  here  are  based  on  the  above  model.  These  equations  have  been  formed  into  a 
sophisticated  computer  code  which  includes  facilities  for  a  least -squares  Drocesslng  of  large 
quantities  of  experimental  data.  The  computer  model  Is  known  as  CARP-2^  .  For  very  large  quantities 
of  single  shot  data  an  alternative  method  is  employed.  This  is  based  on  a  library  of  spectral  curves 
representing  essentially  terms  2  and  (3+4)  of  equation  (7a),  after  convolution  by  a  suitable  instrument 
function.  Libraries  are  generated  using  CARP-2  and,  subsequently,  very  rapid  least -squares  fitting, 
can  be  achieved  using  the  codes  QUICK^  *'^or  QUICK-20^^).  The  QUICK  codes  have  been  developed  to 
utilise  Libraries  for  processing  data  from  such  as  an  isobaric  turbulent  flame  where  temperatures  may 
change  by  up  to  2.Q00K  from  shot  to  shot  (QUICK)  or  foT  processing  i.c.  engine  data  where  both 
temperature  and  pressure  (on  average)  tend  to  change  modestly  from  laser  shot  to  laser  shot  for  a  given 
measurement  location  at  a  given  engine  crank  angle  (QUICK-2D). 


CARS  "average”  thermometry  accuracy  at  atmospheric  pressure  has  been  carefully  studied  by  two 
groups  for  the  region  300-1700K^°^and  300-1050K^^ * ;  excellent  agreement  with  standard 
thermocouples  has  been  found.  Examples  of  this  data  will  not  be  reproduced  here.  The  accuracies  of 
the  Harwell  CARS  systems  are  typically  1-1.5%  for  the  range  300-1 000K^^*  ^ .  However,  the  accuracy  of 
CARS  in  the  temperature  range  300-1000K  at  1  bar  does  crucially  require  the  cross-coherence  effect 

to  be  accounted  for.  If  cross-coherence  Is  neglected,  CARS  temperatures  may  be  In  error  by  up  to 
50  or  60K^^.  Also  at  the  lower  temperatures  motional  narrowing  is  Important.  The  improved  accuracy 
of  Harwell  data  around  300K^  ^^over  data  obtained  elsewhere  ^  ^is  most  likely  due  to  the  inclusion 
of  motional  narrowing  effects.  Above  2000K  it  is  very  much  more  difficult  to  compare  CARS  temperatures 
to  recognised  temperature  standards.  However,  by  measuring  CARS  nitrogen  gas  temperatures  inside  a 
specially  designed  Incandescent  lamp  f i lament ^ it  has  been  possible  to  relate  CARS  temperature 
measurements  to  two-colour  pyrometer  measurements^ ^3,58,2)^  £are  has  to  be  taken  to  ensure  that  gas 
and  filament  temperatures  are  In  equilibrium,  If  this  Is  achieved  excellent  agreement  (of  order  1%)  is 
found  between  filament  (pyrometer)  and  gas  (CARS)  temperatures.  To  Illustrate  this  a  CARS  spectrum  at 
3500K  la  shown  in  Figure  7.  In  conclusion,  for  atmospheric  pressure,  CARS  "average"  thermometry 
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FIG.  7.  CAM  Sp.ctrua  fro.  In. Id.  .  Tunj.t.n  FilM.nt.  0pp.r  Tr.c.  Exp.rL.rt,  Lower  Tr.c.  Tl,.ory-E.p.rl«,nt 


accuracy  is  of  order  1-1,51  from  300K  to  35COK,  the  worst  region  for  accuracy  Ilea  between  700  and 
1100K  where  the  vibrational  hot  bands  are  almost  absent  and  the  overall  rate  of  change  of  spectral 
shape  with  temperature  Is  a  minimum 

At  high  pressures,  typical  of  gas  turbine  primary  zones  or  i.c.  engines,  (e.g.  0-40  bar)  the 
effects  of  motional  narrowing  are  vitally  Important.  Its  effect  on  accuracy  may  be  dramatically  judged 
from  Figures  8  and  9.  In  both  these  figures  the  same  "conditionally  averaged"  l.c,  engine  CARS 
spectrum,  taken  in  the  compressed  charge  prior  to  Ignition,  has  been  analysed  using  CARS  models  with 
and  without  motional  narrowing  effects.  The  error,  190K  in  876K,  is  considerable.  In  these  CARS 
experiments  the  term  "conditionally  averaged"  means  that  many  CARS  spectra  (say  50+)  are  summed 
together  for  the  same  conditions  of  engine  crank  angle  and  ln-cylinder  pressure.  Comparison  of  theory 
and  experimental  data  of  this  type  are  certainly  useful  in  excluding  CARS  models  and  rotational 
relaxation  models  that  do  not  work.  A  better  test  of  accuracy  cornea  from  comparison  with  measurements 
of  nitrogen  gas  under  known  conditions.  Recently,  measurements  of  CARS  in  lsobaric,  Isothermal  N2  for 
the  range  300  to  800K  and  from  1  to  20  bar  have  been  made.  In  order  to  ensure  that  the  test  gas  was 
perfectly  homogeneous  the  complete  test  cell  was  heated.  The  cell  and  surrounding  oven  are  shown  in 
the  photograph  In  Figure  10.  The  principal  problem  with  this  approach  is  to  maintain  an  effective  seal 

P  -  17.500  BAR  T  -  586.6  K 
MOTIONAL  NARROWING  NOT  INCLUDEO 


FIG.  8.  Pre-Combuatlon  I.C.  Engine  CA°S  Spectrum.  Fitted  uslnv  an  Isolated  lines  ’*odel 
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FIG.  ft.  Pre-Combustion  I.C.  Engine  CARS  Spectrum  (as  Fig.  8) ,  Fitted  Using  CApP-2  (ref.  57) 


Frr.  ]0.  Photograph  of  The  Harwell  Isothermal  High  Pressure,  High  Temperature  Test  Cell 

between  the  windows  and  the  high  pressure  stainless  steel  test  cell.  This  has  been  achieved  by  using  a 
differentially  expanding  sealing  system  where  a  high  expansion  packing  washer  Is  Included.  By  this 
means  stable  isobaric.  Isothermal  gas  Is  created  inside  a  300  mm  long  cylinder.  Excellent  agreement 
between  experimental  and  theoretical  CARS  spectra  has  been  obtained  for  all  temperatures  and  pressures. 
However,  the  accuracy  of  the  CARS  technique  may  he  judged  from  Figure  11  where  some  preliminary  data  is 
presented.  At  the  time  of  writing  the  data  available  from  the  test  cell  was  only  for  a  preliminary 
study  where  the  sapphire  windows  employed  were  not  properly  "c"  cut;  consequently  the  windows 
exhibited  a  slight  time  and  temperature  dependent  birefringence.  This  resulted  in  some  small  random 
distortions  to  the  experimental  CARS  spectra.  Therefore  the  present  results  are  only  preliminary.  The 
problem  has  now  been  rectified  and  an  improved  set  of  data  will  shortly  he  published ^ Nevertheless, 
Figure  11  shows  that  there  are  no  specific  systematic  errors  for  the  complete  region  up  to  700K  and  20 
bar.  The  scatter  on  the  data  primarily  results  from  the  slight  random  birefringence. 
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FIG.  11  Comparison  of  CARS  and  Thermocouple  Temperatures  0-700K.  O-20  hnr 


2-13 


These  tests  establish  CARS  accuracy  from  300-3500K  at  1  bar  and  from  300-800K  up  to  20  bar.  For 
very  high  temperatures  and  pressures  the  testing  of  CARS  accuracy  awe  Its  development  of  an  appropriate 
test  device.  However,  as  will  be  shown  later,  for  typical  post  i.c.  engine  combustion  CARS  data  of 
circa  2300K  and  30  bar,  the  choice  of  relaxation  rate  model  is  far  leas  critical  than  that  for 
temperature  and  pressures  up  to  1000K  and  20  bar. 


A  major  feature  of  the  CARS  technique  is  its  capability  to  make  Instantaneous  measurements . 
Unfortunately  auch  CARS  data  Is  subject  to  additional  noise,  typically  8%^**but  sometimes  larger.  A 
principal  source  of  the  noise  lies  In  the  broadband  dye  laser  used  In  the  CARS  Instrument.  Typical 
broadband  dye  lasers  produce  spectral  profiles  which  possess  an  observed  r.m.s.  noise  of  order  8-10Z. 
The  source  of  this  noise  has  been  studied  both  experimentally^  **  ,60-62)anj  theoretically^®'^*. 
Attempts  have  been  made  to  account  for  the  noise  on  a  purely  schematic  basis ^  **  ’^*hovever  a 
detailed  theoretical  model which  shows  excellent  agreement  with  measurements ^®*snd  accounts  for 
reported  experiments now  exists.  This  published  theoretical  model (60,63)^g  ude(j  a8  basis  for 
the  discussion  that  follows. 


Essentially  a  broadband  dye  laser  consists  of  a  spectral  'comb'  of  Individual  frequencies.  The 
'comb'  Is  formed  from  the  longitudinal  modes  of  the  Fabry-Periot  cavity  of  the  laser  where  individual 
modes  are  separations  are  on  the  order  of  0.01  cm~*.  Over  the  whole  spectral  profile,  of  150  cm”*there 
may  be  upwards  of  10^  modes.  The  phase  and  intensity  of  each  mode  la  determined  by  the  thermal  or 
spontaneous  emission  processes,  at  the  start  of  the  laser  pulse  with  the  exited  gain  medium  of  the  dye 
laser.  Such  thermal  processes  have  exponential  statistics  and  may  be  considered  to  possess  100Z  noise. 
As  a  consequence,  the  observed  noise  for  a  broadband  laser,  measured  using  a  multichannel /spectrograph 
detector  with  a  resolution  of  say  1  cm”*,  is  approximately  8-l0Z^*'^®*.  Essentially  the  observed 
noise  on  a  pixel  Is  inversely  proportional  to  the  square  root  of  effective  modes  sampled  (e.g. 
sampling  50Z  of  1  mode  and  100Z  of  another  gives  1.5  effective  modes).  Figure  12  shows  an  example  of 
dye  laser  noise  as  it  appears  In  the  CARS  spectrum  for  a  purely  non-reaonant  signal.  The  appearance  of 
this  noise  in  the  final  CARS  spectrum  has  been  postulated  to  nearly  follow  that  of  the  Input  Stokes^®] 
laser^®*.  This  postulate  Is  substantially  supported  by  recent  theoretical  work^-**.  This  theoretical 
work  clearly  shows  that,  for  certain  conditions,  additional  noise  will  arise  in  the  CARS  signal.  The 
most  Important  case  arises  when  the  pump  length  of  the  pure  laser  becomes  short  compared  Co  the  round 
trip  time  of  the  broadband  dye  laser.  When  this  arises  essentially  a  restricted  sub  set  of  modes  of 
the  dye  or  Stokes  laser  are  sampled  In  the  CARS  process,  this  reduces  the  effective  number  of  modes  and 
results  In  increased  noise  in  the  CARS  signal. 


Wavelength 

FIG.  12.  Examples  of  Single  Pulse  CAPS  Noise  (a)  Single  Pulse  CARS  Spectrum  of  x«b ,  (b)  100-Pulse  Average 
CARS  Spectrum  of  <C)  a  divide  by  b . 
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The  effect  of  dye  laser  cavity  length  on  noise  Is  Illustrated  In  Figures  13  and  14.  In  Figure  13 
purely  broadband  dye  laser  noise  for  two  simple  laser  cavities  la  compared  with  theory^'*.  Note  the 
excellent  agreement  for  the  plane-plane  cavity  case.  Comparison  of  theory  and  experiment  for  the 
stable  cavity  case  la  not  very  good,  principally  because  it  was  not  possible  to  accurately  estimate  the 
number  of  transverse  modes  and  their  relative  Intensities  as  a  function  of  cavity  length.  However, 
note  that  measured  noise  for  this  laser  asympotlcal ly  approaches  the  Amplified  Spontaneous  Emission 
(ASE)  points  which  correspond  to  the  total  number  of  modes  being  restrocted  by  the  laser  pulse  length 
according  to  the  uncertainty  principle.  In  Figure  14  observed  CARS  noise  is  compared  with  theory. 

Note,  in  particular,  that  the  biggest  discrepancy  between  theory  and  experiment  Is  at  the  longest 
cavity  lengths  where  the  criterion  for  pump  laser  pulse  being  much  greater  than  rount  trip  time  Is  only 
marginally  valid.  The  noise  experiments  reported  In  Ref.  60  correspond  to  a  "phase  delayed"  BOXCARS 
experiment  where  the  two  pump  components  do  not  arrive  at  exactly  the  same  lnatant  In  the  control 
volume.  For  collnear  or  non-phase  delayed  experiments  temporal  reinforcement  of  the  pump  laser 
fluctuations  Is  likely  to  lead  to  an  effective  shortening  of  the  observed  CARS  pulse.  Consequently 
anti-Stokes  noise  from  such  experiments  may  he  higher.  At  Harwell  collnear  CARS  experiments  have  been 
found  to  be  generally  nolaier  than  phase  delayed  BOXCARS  using  equivalent  lasers. 
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FIG.  13.  Stokes  Laser  Nolae  Versus  Cavity  Length.  FIG.  M.  Theory  (ref  Continuous  Line.  Squares  and 

Squares  and  Continuous  Line  Experiment  and  Theory  Dots  CA^S  Noise  as  per  Cavities  for  Fig  13. 

for  a  Simple  Plane-Plane  Laser  Cavity.  Daahes  ana 

Dots  are  the  Same  for  a  Stable  Laser  Cavity.  Open 

Symbols  are  ASE  Measurements. 


Fortunately  careful  choice  of  dye  laser  design  can  reduce  this  noise' ^^and  such  a  nolae  reducing 
design  has  been  employed  throughout  thlB  work.  Clearly  there  la  also  a  need  to  choose  multimode  lasers 
with  long,  rather  than  abort,  pulse  lengths.  Alternatively,  single  mode  Nd : YAC  lasers  can  be  employed 
(30, 62)^  future  satisfactory  rugged  and  cost  effective  designs  may  become  aval lable^4^then  this 

may  become  the  preferred  option.  However,  the  accuracies  reported  below,  using  a  multimode  CARS  pump 


laser,  are  essentially  identical  to  those  using  a  single  mode  laser1 


thus  the  gain  in  using  a 


single  mode  laser  may  not  be  substantial.  Also,  for  practical  measurements,  detector  noise  may  be  as 
least  as  important;  this  Is  discussed  next. 


A  second  source  of  noise,  In  Instantaneous  CARS,  lies  In  the  counting  statistics  of  the  detector 
(65,66).  A  typical  CARS  signal  contains  a  peak  of  say  10^-10^  photons  per  detector  channel.  Typically 
1/10  of  these  photons  are  detected  by  the  multichannel  detector.  The  observed  uncertainty  will, 
according  to  well  known  Poisson  statistics  for  photons,  be  /N  where  N  is  the  number  of  observed 
photons.  A  simple  minded  analysis  may  assume  that  such  noise  appears  Independently  on  Individual 
channels;  however,  in  practice,  cross  talk  In  the  detector  cause  correlations  of  order  2-4  channels. 
Therefore  the  Poisson  or  shot  noise  will  be  weighted  to  the  lower  spatial  frequencies  of  the 
multichannel  detector.  Interpreting  this  effect,  together  with  the  complex  shape  and  temperature 
dependence  of  a  CARS  spectrum,  does  not  lead  to  a  straightforward  analysis.  Consequently,  we  have 
experimentally  investigated  the  combined  effect  of  dye  laser  and  detector  nolae  using  Instantaneous 
CARS  data  from  an  Isothermal  tube  furnace ^  .  In  these  experiments  100  Instantaneous  CARS  spectra 
were  recorded  for  various  known  temperatures  between  300  and  IOOOK  and  for  various  average  'peak' 
detector  counts.  All  CARS  spectra  were  then  processed  using  QUICK^^and  the  to  CARS  temperature 
uncertainty  detarmlned:  these  results  are  summarised  In  Figure  15.  Two  points  are  clear.  Firstly  the 
detector  Poisson  noise  contributes  a  major  part  of  the  temperature  measurement  uncertainty  for  signal 
levels  below  2500  counts  (our  maximum  detector  range  la  16,383  counts).  Secondly,  dye  laser  noise, 
described  above,  dominates  only  for  very  strong  CARS  signals.  The  marked  contributon  of  detector  noise 
to  temperature  uncertainty  might  appear  to  be  surprising,  howevar  as  already  polntad  out,  careful 
consideration  must  be  given  to  the  correlation  properties  of  the  nolae  which  arises  from  the  3-4 
channel  detector  cross-talk,  together  with  the  large  range  of  Intensity  and  temperature  sensitivity  of 
the  the  various  parts  of  a  CARS  spectrum. 
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FIG.  15.  CARS  Instantaneous  Thermometry  uncertainty  for  Various  Temperatures 


Detector  noise  will  be  particularly  devastating  on  an  analysis  method  which  places  undue  weight  on 
the  lower  intensity  portions  of  a  spectrum.  Undoubtedly,  this  explains  our  success  with  least  squares 
analysis  of  the  full  spectrum  and  the  unreliability  of  simpler  analysis  algorithms^*'.  The  potential 
overall  accuracy  for  instantaneous  CARS  Is  seen  to  be  of  order  4X,  based  on  extrapolations  of  Figure 
15  to  Infinite  detector  counts.  This  Is  based  on  a  least-squares  analysis  method  and  the  multimode 
pump  laser.  However,  typical  accuracies  are  closer  to  6-7Z  with  detector  noise  contributing 
approximately  50%  of  this  uncertainty  (assumes  1000  to  2000  counts  on  a  16000  count  range  detector). 

It  Is  therefore  clear  that  dye  laser  noise  is  by  no  means  the  sole  factor  In  current  Instantaneous  CARS 
thermometry.  Schemes  designed  to  limit  the  use  of  low  intensity  CARS  signale^7~**^will  be  vital  for 
optimum  accuracy  In  the  study  of  turbulent  combustion. 

5.  APPLICATIONS  OF  CARS  THERMOMETRY 

5. 1  Production  Petrol  I.C.  Engines 

CARS  thermometry  has  been  successfully  applied  to  the  study  of  combustion  processes  In  a 
production  two-litre  petrol  engine  for  a  range  of  condltlone  of  speed  and  load  which  are  realistic  of 
all  conceivable  drive  condltlone.  These  experiments  have  been  supported  by  an  industrial 
consortia^ The  CARS  experiment  la  Illustrated  in  the  photograph  in  Figure  16.  CARS  experiments  on 
such  an  engine  must  access  the  combustion  space  through  two  small  (typically  4  mm  dla)  windows. 

In  order  to  optimise  elgnel  strength  through  the  limited  optical  access  collnear  CARS  is  used. 

Collnear  CARS  spatial  resolution  can  be  controlled  by  choosing  the  correct  beam  alee  combinations^5^. 
In  theaa  experiments  care  la  taken  to  ensure  (1)  that  the  Stokes  laser  beam  disaster  Is  made  much 
smaller  say  l/3  of  the  pump  laser  prior  to  the  field  lene  (typically  10  cm  focal  length)  which  focuses 
both  beams  to  the  measurement  point,  and  (2)  the  pump  leaer  la  essentially  TEM^ .  This  procedure 
ensures  phase  matching  and  thus  efficient  signal  generation  la  affective  only  over  3-4  am  length  around 
the  focus.  Recent  theoretical  work'  '  * 'supports  this  experimental  finding.  Typical  for  a  homogeneous 
environment  the  effective  Interaction  length  la  closer  to  1  mm.  By  careful  tasting  we  have  found  that 
In  the  woret  creditable  situation,  2400K  nitrogen  et  the  measurement  point  and  700K  say  10  mm  away 
we  induce  errors  of  leas  than  1%. 


FIG.  16.  Photograph  of  2-Litre  Production  Petrol  F.ngine  with  P.V»R  Thermometry  Instrument 
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FIG.  17.  Post  combustion  CAPS  Spectrum  from  •  Production  Petrol  Engine. 


Examples  of  the  high  quality  data  obtained  from  the  operating  engine,  both  for  a  precombuatlon 
( R24K  and  17.5  bar)  and  post  combustion  (2317K  and  27.5  bar)  spectra  are  shown  In  Figure  9  and  Figure 
17  respectively.  The  calculation  for  Figure  17  also  employed  the  same  parameterlsatlon  of  equation  13. 
However  fractionally  better  agreement  was  obtained  using  values  of  b  ■  c  of  3.5  with  associated  small 
changes  to  K  and  a  to  maintain  agreement  with  known  linewldth  data.  These  increases  In  b  and  c  produce 
a  superficially  better  agreement  to  the  experimental  engine  data  but  the  'fitted'  temperature  only 
differs  by  approximately  30K  from  that  obtained  using  the  original  values  for  b  and  c.  Since  this 
experimental  CARS  data  was  taken  from  a  real  engine,  one  cannot  conclude  that  these  adjustments  are 
physically  real.  The  engine  data  has  been  'conditionally  averaged’  for  some  50  engine  cycles  with  the 
condition  that  crank  angle  and  in-cylinder  pressure  are  constant.  The  in-cylinder  gas  is  almost 
certainly  not  exactly  equivalent  from  cycle  to  cycle  for  the  post  combustion  gases  and  some  small 
biasing  of  the  exp-  'tmental  data  may  have  occurred.  However,  recent  theoretical  work  of  Hall*  ,  using 
the  Energy  Corrected  Sudden  theory,  supports  the  Idea  that  b  and  c  should  slightly  increase  with 
increasing  temperature.  We  are  currently  seeking  a  satisfactory  source  of  Isothermal  nitrogen  at  1500K 
-  2500K  for  pressures  greater  than  15  bar  to  complete  the  testing  of  our  computer  model  and  to  resolve 
this  small  uncertainty. 

5.2  30K  watt  Oil  Fired  Furnace 


Fin.  18.  Schematic  Diagram  of  Burner  Assembly  of  30KW  Oil-Spray  Furnace 

The  essentials  of  the  furnace  are  shown  dlagratmnatically  in  Figure  18.  Briefly  it  consists  of  a 
hollow  0.3  m  diameter  water  cooled  cylinder  fitted  with  an  opposing  pair  of  quarts  windows;  this 
sIIowb  optical  access  across  a  diameter  for  various  heights.  The  burner  consists  of  an  oil-jet 
atomiser  centred  in  a  swirl  vane.  The  latter  supplied  with  air  at  nominally  S.T.P.  by  a  blower.  The 
furnace  was  mounted  on  an  x,  y  traverse,  and  the  burner  on  a  vertically  (a  axis)  adjustable  platform. 
This  allows  the  CARS  measurement  volume  to  be  positioned  within  a  radial  plane  covering  the  central  50X 

of  the  furnace  tube  diameter  and  from  U  cm  to  40  cm  above  the  burner  plate.  The  fuel  was  kerosene  and 

—3  3 

was  supplied  et  s  pressure  of  690  kPs  (100  pal)  and  at  a  flow  rate  of  2.8  x  10  m  /hr  and  air  was 
supplied  at  l.l  mVmln. 

The  results  of  CARS  thermometry  are  shown  In  Figures  19  to  22.  The  map  of  average  temperatures  In 
degrees  Kelvin.  Figure  19,  shows  a  slight  asymmetry  which  Is  consistent  with  a  known  velocity  asymmetry 
In  the  furnace* 72  \  These  temperatures  have  been  used  to  compare  computer  models  of  droplet  behaviour 
in  combustion;  comparisons  with  this  CARS  data  have  been  published  elsewhere*  . 
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Map  of  Average  CAPS  Temperature  Across  a  Diameter  of  the  30XW  011-Spray  Furnace 
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The  for*  of  the  temperature  fluctuations  for  two  radial  heights  (i  •  4  ca  and  t  ■  8  cm)  are  shown  In 
Figures  20  and  21*  Note  that  for  temperature  measurements  near  the  flame  sheet  (x  •  2  at  z  -  4  and  x  - 
2  or  6  at  z  -  8)  blmodal  temperature  distributions  are  observed,  this  1b  Intuitively  expected  If 
pockets  of  burnt  and  unburnt  gases  randomly  pass  through  the  measurement  point.  In  general  we  found 
that  the  p.d.f 'a  of  temperature  were  markedly  non-Gausslan  In  and  around  the  burning  fuel  spray. 

Maximum  temperature  turbulence  levels  of  ±  80*  around  the  mean  (measured  near  the  centre  of  the  fuel 
spray  at  z  -  4  cm)  drop  to  t  10*  in  the  post-flame  zone.  In  the  post-flame  zone  the  p.d.f's  are  close 
to  normal  Gauaalans,  Figure  22.  However,  these  levels  of  turbulence  are  significantly  larger  than  our 
Instantaneous  measurement  uncertainty  of  approximately  ±  5*  In  the  post-flame  to  say  ±  10*  at  worst 
actually  in  the  oil  spray.  A  plot  of  temperature  variance  Is  shown  In  Figure  23.  The  variances  shown 
are  corrected  for  the  instrument  uncertainty.  Peaks  in  the  turbulence  level  are  seen  In  the  centre  of 
the  fuel  spray  and  around  Its  edges,  where  we  assume  the  burning  front  Is  located. 

We  have  successfully  measured  CARS  spectra  of  H2O,  CO2  and  0j  as  well  as  N2  In  this  oil  spray 
furnace.  To  date  we  have  processed  some  of  the  H2O  data.  Figure  24  shows  CARS  spectra  of  nitrogen  and 
water  from  the  same  point  In  the  poet -flame  zone.  Note  that  (1)  the  independent  measurements  of 
temperature  agree  within  20K  and  (11)  the  concentration  of  water  Is  found  to  be  8.5*.  This 
concentration  is  consistent  with  the  known  approximately  75*  excess  air  and  assumes  full  mixing  of  the 
post-flame  gases  (Kerosene  Is  a  Cjj-C^  paraffin  thus  perfect  stoichiometry  would  yield  15*  HjO). 
Further  confidence  In  concentration  measurements  of  water  vapour  await  improved  spectra  data, 
partlcuarly  llnewldths.  Some  recent  work  In  this  area  has  recently  been  completed^^and  further  is 
planned.  Improved  accuracy  should  then  be  forthcoming.  This  example  Importantly  Illustrates  that 
thermometry  and  species  concentration  measurements  are  simultaneously  possible. 

6.  CONCLUSIONS 


The  theory  and  application  of  CARS  thermometry  has  been  discussed  and  the  need  for  high  quality, 
accurate  spectral  models  Is  shown.  Important  aspects  affecting  accuracy  Include:-  motional  narrowing, 
finite  laser  bandwidth  effects,  accurate  spectral  modelling,  dye  laser  noise  and  detector  noise.  The 
average  accuracy  of  CARS  thermometry  is  generally  found  to  he  of  order  1-1.5*.  Instantaneous 
thermometry  is  shown  to  have  a  practical  accuracy  of  6-7*.  The  generality  of  CARS  thermometry  has  been 
established  with  examples  of  application  to  two  Industrial  combustion  systems,  (1)  a  two-lltre 
production  petrol  (gasoline)  engine  and  (2)  a  30  kilowatt  oil  fired  furnace. 
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DISCUSSION 


A.L.Buggele,  US 

Can  you  comment  on  the  data  rale  limitation  of  your  CARS  measurement  process  —  for  example,  can  we  achieve  a 
5000  per  second  sample  rate  for  future  engine  work. 

Author’s  Reply 

For  1  atmosphere  flows,  and  slightly  less,  we  need  200—300  milliJoules  of  laser  energy  per  pulse  to  generate 
satisfactory  signals.  At  5  kHz  this  gives  a  mean  power  of  1  K  Watt.  Such  high  power  would  require  an  enormous  laser. 
Also  such  lasers  are  certainly  not  commercially  available.  Current  data  rates  are  also  limited  to  100—200  Hz  for 
broadband  CARS  with  multiplex  detection.  For  high  pressures  >  20  bar  much  lower  powers  are  required.  For  these 
systems  large  copper  vapour  lasers  may  ultimately  allow  the  potential  but  this  is  probably  at  least  2  to  3  years  in  the 
future. 


P .Stewart,  UK 

The  internal  combustion  engine  is  an  unsteady  state  system.  The  spatial  resolution  has  been  described  —  what  is  the 
temporal  resolution,  i.e.  —  how  long  does  it  take  to  make  a  measurement  and  has  the  temperature  changed  significantly 
during  the  course  of  the  measurement? 

Author’s  Reply 

For  single  pulse  measurements  the  measurement  lime  is  typically  10-15  nanoseconds.  This  is  very  short  compared  with 
the  timescale  of  fluid  flow  variations  which  are  likely  of  order  milliseconds.  For  “steady -slate*'  systems  we  use  1 0—20 
Hz  sampling  and  determine  the  statistics  of  temperature.  For  “non-stationary"  systems  such  as  I  C  engines  the  above 
approach  could  be  used  but  interpretation  of  the  data  would  require  considerable  thought.  Typically  in  the  engine  all 
our  CARS  data  is  “conditionally  sampled  ".  With  each  spectrum  we  simultaneously  recorded  full  cylinder  pressure 
histories  plus  many  other  timing  details  such  as  crank  angle  and  ignition  timing.  For  most  data  prior  to  combustion  we 
can  then  determine  average  parameters  (such  as  temperature)  for  a  chosen  scenario  of  conditions.  For  instance,  prior  to 
combustion  for  a  given  crank  angle  and  for  a  given  pressure  we  can  average  together  all  spectra  and  reduce  data 
processing  needs.  However  for  less  well  determined  conditions  (e.g.  post  combustion)  it  is  still  important  to  process 
CARS  data  single  shot  so  that  both  mean  and  r.m.s.  etc.,  quantities  may  be  examined  as  a  function  of  condition. 


M.N.R.Nina,  PO 

With  limited  optical  access  to  the  petrol  I  C  engine,  I  would  like  to  know  more  about  the  spatial  resolution  in  your 
system:  In  the  paper  you  mention  3—4  mm  effective  length  around  the  focus  which  is  still  very  large  in  terms  of  the 
turbulent  reacting  structures  existing  in  the  flow. 

Author’s  Reply 

Spatial  resolution  is  primarily  limited  by  the  need  for  adequate  signal  strength.  Potentially  smaller  sampling  volumes 
may  be  generated,  however  higher  laser  intensity  could  stress  the  medium  and  lead  to  inaccuracies  in  the  measurement. 
Certainly  for  single  pulse  CARS  it  would  be  most  difficult  to  decrease  this  figure  given  that  CARS  signals  scale  as  the 
control  volume  length  squared.  These  spatial  resolutions  can  be  achieved  for  both  BOXCARS  and  colinear  CARS.  In 
the  latter  case  the  lasers  must  have  very  pure  TEMoo  transfer  mode  characteristics  and  the  Stokes  beam  should  be 
reduced  to  be  say  1/3  the  diameter  of  the  pump  beam  prior  to  the  input  field  lens.  Then  for  short  focal  length  lasers  (say 
10  cm)  phase  matching  will  not  be  well  satisfied  before  the  focus.  This  technique  minimises  the  possibility  of  extraneous 
signals  from  possible  high  density,  cold  gases  surrounding  the  desired  measurement  point. 


H.May,  GE 

I  think  that  the  shown  application  of  CARS  technique  to  a  real  Otto-engine  is  a  very  great  success  and  I  would  like  to 
congratulate  Dr  Greenhalgh  for  this.  The  knowledge  of  the  temperature  distribution  within  the  engine  cylinder  during 
compression  and  combustion  stroke  is  very  important  with  respect  to  knocking  phenomena  and  the  mechanism  of  NO- 
formation.  Direct  temperature  measurements  in  the  cylinder  are  only  possible  by  spectroscopic  methods.  My  question 
is  in  as  far  it  is  intended  to  continue  the  reseach  work  in  this  direction. 

Author’s  Reply 

Much  of  this  work  is  now  continuing,  funded  by  the  petrol  engine  working  party  group  which  is  described  in  one  of  my 
references. 


R.B.ftoce,  UK 

You  quote  mean  temperature  accuracies  of  the  order  ±  1 5*K  as  being  possible  over  the  full  temperature  range  of 
interest  in  turbulent  combustion.  To  achieve  this 

(a)  How  many  single  shot  spectra  have  to  be  recorded? 

(b)  What  is  the  method  of  processing?  Do  “quick  fitters"  give  this  accuracy? 
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Author's  Reply 

(a)  Single  pulse  noise  is  typically  r«  w ■on,  ±  100  K.  thus  a.  least  1 00  spectra  are  required  to  potentially  reduce 

adequate"'  °  * We  CHmnuml>' use  500  spectra  however  50  spectra  for  many  circumstances  are  perfectly 

We  do  not  use  “quick  fitters"  for  two  reasons: 

We  have  yet  to  find  a  satisfactory  method  with  "quick  fitters"  that  allows  for  unpredictable  changes  in  nitrogen 
concentration  (eg  turbulent  diffusion  flame).  This  could  be  avoided  by  Background  Suppression  We  find  that 
background  suppression  is  expensive  in  signal  (typical  30  fold)  and  for  many  practical  conditions  we  would  not 
wish  to  use  higher  laser  powers. 

Even  on  near  perfect  (high  intensity  high  detector  count)  single  pulse  real  data  we  have  found  that  typical  "quick 
fitters  crui  lead  to  unpredictable  apparently  systematic  errors  of  ±  50  K  or  worse.  On  the  same  data  least-squares 
gives  tl.K.  We  speculate  that  part  of  this  reason  arises  from  the  Poisson  Detector  noise  that  markedly  affects 
weaker  parts  of  the  spectrum.  Quick  fitters  only  use  part  of  the  spectral  data  and  may  be  much  more  susceptible  to 
noise  in  certain  parts  of  the  spectrum.  Die  particular  effect  of  this  noise,  combined  with  dye  laser  noise  is  clearly 
shown  in  Figure  1 5.  It  should  also  be  noted  that  Poisson  multichannel  detector  noise  is  pink  noise  i  e  it  is  white' 
noise  and  its  has  a  cutoff  in  detector  spatial  frequency  of  order  3-4  channels  (eg  the  same  as  detector  cross-talk ). 
1S  mosl  'Important  since  it  means  that  there  is  no  averaging  at  Poisson  noise  in  any  signal  analysis  as 

would  be  the  case  if  Poisson  was  truly  independent  per  channel. 


(b) 

(i) 


(««) 
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ACCURATE  MEASUREMENTS  OF  COMBUSTION  SPECIES 
CONCENTRATIONS  USING  CARS 


R.  L.  Farrow 

Combustion  Research  Facility 
Sandia  National  Laboratories 
Livermore,  California  94550 


sm mBx. 

We  present  results  of  research  at  the  Combustion  Research  Facility,  Sandia 
National  Laboratories  ,^on  improving  the  capabilities  of  coherent  anti-Stokes  Raman 
spectroscopy  (CARS)  for  species  concentration  measurements  in  combustion  gases. 
Scanning  CARS  experiments  based  on  single-  and  multi-mode  NdrYAG  lasers,  and  on 
pulse-amplified  and  conventional  pulsed  dye  lasers  have  been  used  to  evaluate  an  In 
situ  normalization  technique,  to  measure  Raman  linewidths  in  flames,  and  to  determine 
nonresonant  electronic  susceptibilities.  We  discuss  experimental  and  theoretical 
considerations  affecting  concentration  measurement  accuracy. 

V 

I.  INTRODUCTION 

Coherent  anti-Stokes  Raman  Spectroscopy  (CARS)  is  one  of  the  most  widely  applied 
optical  techniques  for  measuring  temperature  and  species  concentrations  in  combusting 
gases.  Measurements  have  been  reported  for  a  variety  of  combustion  systems,  ranging 
from  laboratory  flames1-4  to  jet  engine  exhausts.5  However,  in  comparison  with  its 
thermometric  capabilities,  the  development  of  CARS  for  quantitative  density  or 
concentration  determinations  is  less  mature.  Concentration  measurements  are  more 
difficult  because  the  nonlinear  nature  of  CARS  signal  generation  can  give  rise  to 
intensity  variations  not  correlated  to  sample  density.  Short-term  fluctuations, 
associated  with  pulse-to-pulse  laser  pulse  variations,  and  long-term  changes, 
associated  with  beam  alignment  drift,  are  typically  observed.  Thus,  referencing 
schemes  are  usually  required  to  normalize  signals  for  density  measurements. 

Most  referencing  schemes  that  have  been  used  to  measure  concentrations  with  CARS 
can  be  classed  among  the  following:  (1)  measuring  a  ro-vibrationally  resonant  signal 
from  the  species  of  interest  and  normalizing  its  intensity  by  nonresonant  signals 
generated  with  the  same  laser  pulses  from  external  media, 5' 5  (2)  normalizing  resonant 
signals  by  nonresonant  signals  generated  from  the  sample  itself,7'®  and  (3)  inferring 
concentrations  from  the  spectral  shapes  of  CARS  measurements  containing  significant 
nonresonant  intensity.®"11  The  first  method  is  capable  of  yielding  densities  from 
the  normalized  signal  intensities,  but  is  sometimes  limited  by  incomplete  correlation 
between  the  reference  and  sample  signals.  The  third  technique  provides  mole 
fractions  by  indirectly  comparing  resonant  to  nonresonant  susceptibilities,  but  lacks 
sensitivity  and  accuracy  for  very  low  or  high  concentrations . 1®f 11  The  second  method 
is  capable  of  higher  sensitivity  than  either  (1)  or  (3)  and  can  provide  significantly 
better  signal  reproducibility. 

In  this  paper,  we  present  an  investigation  of  the  nonresonant  susceptibility 
normalization  technique  for  high-pressure,  room-  temperature  measurements  and  for 
minor  species  measurements  in  atmospheric-pressure  flames.  We  also  report  high- 
resolution  CARS  measurements  of  Raman  transition  linewidths  in  flames  and  a 
measurement  of  the  nonresonant  susceptibility  of  H20,  both  using  a  single-mode  Nd : YAG 
laser . 


Methods  (2)  and  (3)  above  are  based  on  inferring  concentrations  by  comparisons 
of  resonant  with  nonresonant  electronic  susceptibilities.  [In  the  case  of  (3)  the 
ratio  of  these  quantities  affects  the  observed  spectral  profile.]  A  quantitative 
determination  of  the  mole  fraction  of  the  resonant  species  requires  knowledge  of  the 
nonresonant  susceptibility  of  the  total  mixture,  which  must  be  measured  independently 
or  modeled.  In  addition,  a  means  of  calculating  the  resonant  susceptibility  spectrum 
for  a  given  concentration  is  necessary.  These  susceptibilities  are  usually  used  to 
generate  a  theoretical  CARS  spectrum  that  is  varied  for  best  fit  to  the  observed 
spectrum.  The  computed  spectrum  must  also  take  into  account  the  spectral  profiles  of 
the  lasers  and,  for  multiplex  CARS,  the  instrument  function  of  the  detection  system. 


In  many  instances,  the  accuracy  of  the  resulting  concentration  measurement  is 
not  limited  by  experimental  noise  but  by  uncertainties  in  spectroscopic  parameters 
used  in  calculating  the  susceptibilities.  For  most  combustion-related  species,  the 
accuracy  of  theoretical  resonant  susceptibilities  is  primarily  limited  by  the 
accuracy  of  Raman  linewidths  used  in  the  calculations.  (At  elevated  pressures, 
collisional  narrowing  processes  have  a  significant  effect  on  resonant  spectra,  and 
theoretical  predictions  are  quite  model-dependent.12)  As  these  linewidths  are  not 
resolved  in  most  CARS  experiments,  linewidth  models15  based  on  flame  observations  by 


high-resolution  inverse  Raman  spectroscopy14  (IRS)  are  typically  used.  However,  the 
scope  of  such  data  is  currently  limited  with  respect  to  species,  collision  partners, 
and  gas  temperature.  The  recent  availability  of  commercial  single-axial  mode  Nd:YAG 
lasers,  and  development  of  pulse-amplification  techniques  providing  near-transform- 
limited  tunable  radiation  permit  high-resolution  CARS  experiments15  capable  of 
measuring  these  linewidths  directly.  We  have  used  a  scanning  CARS  system  with  a 
resolution  better  than  0.005  cm"1  to  measure  spectra  of  CO  and  N2  in  a  methane/air 
flame.  Raman  linewidths  derived  from  these  measurements  are  compared  to  infrared 
linewidths  measured  in  similar  flames  by  Varghese  and  Hanson.16 

In  the  absence  of  independent  knowledge  of  the  background  susceptibility, 
nonresonant  electronic  susceptibilities  of  combustion  species  are  needed  for 
inferring  concentrations  with  methods  (2)  and  (3) .  As  in  the  case  of  Raman 
linewidths,  limited  data  exists  for  combustion-related  species.  Early  measurements 
by  Rado, 17  with  scale  factor  corrections  suggested  by  Eckbreth  and  Hall,1®  Lundeen  et 
al.,1®  and  Rosasco  et  al.,19  are  typically  used  for  important  species  such  as  N2, 

C02,  CH^  etc.  Recently,  techniques  based  on  CARS1®  and  field-induced  second- 

harmonic  generation^  have  provided  nonresonant  susceptibilities  for  gases  at  room 
temperature.  We  report  a  method  using  CARS  that  is  applicable  in  flames  as  well  as 
in  sample  cells.  Measurements  of  N2  and  Ar  using  this  technique  compared  well  with 

previously  reported  results;19  new  investigations  of  the  nonresonant  susceptibility 
of  H20  are  described. 

II.  mqnresqnant  background  normalization 

For  this  technique  the  anti-Stokes  beam  is  divided  with  a  beamsplitter,  and  the 
resulting  beams  are  directed  to  separate  polarization  analyzers  and  detectors.  One 
polarizer  is  oriented  to  reject  the  nonresonant  background  and  transmit  the  Raman 
(ro-vibrat ionally  resonant)  components  of  the  signal.  The  other  polarizer  is  set  to 
reject  the  dominant  Raman  components  and  transmit  primarily  the  nonresonant 
background  signal.  The  resonant  signal  is  then  divided  by  the  nonresonant  background 
signal  for  each  laser  pulse.  This  ratio  is  concentration-  and  temperature-sensitive, 
while  being  relatively  insensitive  to  overall  CARS  signal  fluctuations  and  drift. 

The  sample  can  be  said  to  provide  its  own  normalization  signal  for  concentration 
calibration  because  the  nonresonant  susceptibility  is,  in  many  cases,  insensitive  to 
gas  composition.  Tha  method,  represents  an  improvement  on  a  similar  approach 
suggested  by  Oudar  et  al.7  that  uses  a  single  polarizer. 

The  capabilities  of  the  background  normalization  technique  are  illustrated  in 
two  experiments.  The  first  demonstrates  that  high-precision,  narrowband  measurements 
using  a  single  laser  pulse  are  possible  in  low-temperature  or  high-pressure  media. 

The  second  experiment  includes  time-averaged  species  concentration  and  temperature 
measurements  obtained  in  an  atmospheric  methane/air  flat  flame.  The  latter  results 
illustrate  the  analytical  capabilities  of  background-normalized  CARS  for  steady-state 
or  reproducible  combustion  processes. 

A  crossed-beam,  three-dimensional  phase  matching  geometry  was  used  to  obtain  a 
probe  volume  diameter  of  -80  (im  by  4  mm  in  length.  The  CARS  pump  beam  was  provided  by 
the  frequency-doubled  output  of  a  Molectron  MY-32  Nd : YAG  laser,  which  had  a  bandwidth 
of  0.1  cm-1  (FWHM) .  Part  of  the  532-nm  radiation  pumped  a  scannable  dye  laser 
(Molectron  DL-18),  which  had  a  bandwidth  of  0.1  cm'1.  As  shown  in  Fig.  1,  a 
beamsplitter  was  inserted  into  the  anti-Stokes  beam  path  to  reflect  30%  of  the  signal 
to  one  polarizer  (nonresonant  channel)  while  transmitting  the  remainder  to  a  second 
polarizer  (resonant  channel) . 


1.  Experimental  diagram  of  two- 
channel,  background- 
normalized  CARS  experiment. 
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The  two  polarizers  were  adjusted  to  produce  a  background- free  (resonant) 
spectrum  and  a  spectrum  with  the  Raman  contributions  mostly  suppressed  (background) . 
The  resonant  spectrum  was  obtained  by  rotating  one  polarizer  to  an  angle  60  degrees 
from  the  vertically  polarized  pump  laser,  with  the  probe  laser  polarization  at  -60 
degrees  from  the  vertical,  this  orientation  results  in  rejection  of  the  nonresonant 
background  and  in  partial  transmission  of  isotropic  and  anisotropic  Raman  components. 
This  background- subtract ion  technique  has  been  shown  to  improve  scanning  CARS  species 
detectivity .21  The  second  polarizer  was  oriented  to  reject  one  Raman  symmetry 
component,  while  transmitting  the  nonresonant  background  (along  with  part  of  the 
other  Raman  component) .  Both  spectra,  as  well  as  the  spectrum  formed  from  their 
pulse-by-pulse  ratio,  were  recorded. 

Half-wave  retarders  were  used  to  rotate  polarizations  of  the  analyzed  signal 
beams  to  the  same  angle  in  order  to  maintain  equivalent  transmission  through  a  filter 
monochromator  (SPEX  1870) .  The  two  signals  were  separately  measured  using 
photomultiplier  tubes  (RCA  C-31034A)  wired  for  amplification  with  six  dynodes,  charge 
integrators,  and  digitizers.  Relative  detection  channel  sensitivity  was  determined 
by  measuring  the  relative  response  to  a  nonresonant  CARS  signal  with  both  polarizers 
rotated  to  the  same  angle.  The  data  were  acquired  and  stored  using  a  PDP  11/34 
computer . 

Studies  of  the  pulse-to-pulse  reproducibility  of  normalized  CARS  signals  were 
performed  in  a  mixture  of  CO  and  Ar  gases  with  respective  mole  fractions  of  0.04  and 
0.96,  and  at  a  temperature  of  297  K.  A  pressure  of  10  atm  was  chosen  so  that  the 
collisionally  broadened  Raman  linewidths  overlapped  to  form  an  envelope  that  was 
fully  resolved  by  the  combined  laser  linewidths. 

The  ratio  of  resonant  to  nonresonant  CARS  signals  was  found  to  have  a 
reproducibility  approaching  the  shot-noise  limit  in  single-pulse  measurements  on  the 
10-atn  CO/Ar  mixture.  At  the  peak  of  the  CO  Q-branch  bandhead,  the  RMS  standard 
deviation  of  the  ratio  was  measured  to  be  2%.  The  corresponding  distribution  of 
measurements  was  symmetric  and  nearly  Gaussian.  In  contrast,  the  standard  deviation 
of  the  individual,  non-normalized  signals  exceeded  12%.  Shot  noise  was  calculated  to 
be  1.2%  based  on  detecting  19,000  and  10,000  photo-electrons  in  the  two  respective 
channels.  Fig.  2  shows  the  resonant,  nonresonant,  and  ratio  spectra  of  the  CO  Q- 
branch  obtained  by  stepping  the  probe  laser  frequency  after  each  laser  pulse  (note 
that  the  square  root  of  intensity  is  plotted,  so  that  peak  heights  are  proportional 
to  density) .  The  relatively  high  noise  in  the  non-normalized  data  is  characteristic 
of  CARS  signals  generated  with  multi-mode  lasers,  and  results  from  pulse-to-pulse 
temporal  and  spatial  variations  in  the  laser  fields.  This  noise  is  greatly  reduced 
in  the  ratio  because  fluctuations  in  the  two  signals  are  highly  correlated. 


2.  Resonant  foreground  (a),  nonresonant  background  (b) ,  and  background-normalized 
(c)  CARS  spectra  of  the  collisionally  narrowed  Q-branch  of  0.04  mole  fraction  CO 
in  Ar  at  10  atm,  obtained  by  stepping  the  probe  laser  frequency.  Signals  were 
measured  after  each  step  using  a  single  laser  pulse.  Reproducibility  at  the  peak 
was  ±2%.  The  square  root  of  the  intensity  is  plotted. 


The  remaining  noise  in  the  ratio  arises  primarily  from  shot  noise,  from 
different  detection  channel  responses  to  the  fluctuating  spatial  profiles  of  the  two 
anti-Stokes  beams,  and  from  noise  induced  by  frequency  fluctuations  in  the  lasers. 

The  nonresonant  signal  is  much  less  sensitive  to  these  fluctuations,  in  comparison  to 
the  resonant  signal,  because  the  nonresonant  susceptibility  is  nearly  independent  of 
frequency.  Thus,  stable  lasers  with  bandwidths  smaller  than  the  Raman  linewidths  of 
interest  are  required  for  highest  repeatability  in  the  signal  ratio. 

111.  CARS  SPECTRAL  ANALYSIS 


For  analytic  measurements,  we  developed  a  CARS  analysis  computer  code  to 
interpret  normalized,  scanned  spectra.  The  code  yields  temperature  and  relative 
species  concentrations  by  calculating  foreground  and  background  spectra,  forming  the 
ratio,  and  fitting  the  result  to  a  background-normalized  experimental  spectrum. 
Species  concentrations  expressed  in  mole  fractions  of  the  total  gases  can  be 
determined,  provided  the  In  situ  nonresonant  susceptibility  is  known.  If  desired, 
absolute  densities  can  be  computed  from  the  fitted  temperature  and  an  independent 
pressure  measurement. 
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Calculation  of  the  theoretical  resonant  susceptibility  has  been  described 
previously.4'11#22  A  significant  improvement  for  the  present  analysis  is  that  the 
contributions  to  the  CARS  spectrum  of  up  to  four  species  can  be  included 
simultaneously.  This  is  accomplished  by  summing  the  contributions  of  the  species  to 
the  total  susceptibility  amplitude  over  all  transitions  that  fall  within  the  desired 
frequency  range.  The  wing  of  the  N2  Q-branch,  which  can  be  significant,  is  also 
included  if  the  N2  Q-branch  lies  outside  the  desired  range,  as  is  the  case  for  the  CO 
Q-branch.  The  temperature  and  relative  concentrations  of  all  species  are  specified 
or  varied  for  best  fit.  We  included  contributions  from  N2/  CO,  and  H2  for  analyzing 
spectra  in  the  region  of  the  CO  Q-branch. 

The  temperature  and  J-dependence  of  CO  Raman  linewidths  were  modeled  according 
to  high-resolution  infrared  (IR)  P-  and  R-branch  measurements  of  extracted 
methane/air  post-flame  gases  by  Varghese  and  Hanson.1®  (Rosasco  et  al.23  have 
reported  good  agreement  between  Raman  Q-branch  and  IR  P-  and  R-branch  linewidths  of 
pure  CO.)  Best  straight  line  fits  to  the  J-dependent  IR  linewidths  at  300  K  and  1850 
K  were  used  to  derive  a  temperature-dependent  model  given  by: 

■y(J,P,T)  -  (AT-0-71  -  JBT_1-31)P,  (1) 

where  A  -  6.89,  B  »  2.026,  P  is  the  pressure  in  atm,  and  y(J,P,T)  is  the  HWHM  in  cm-1 


Linewidths  of  H2  and  N2  were  based  on  high-resolution  inverse  Raman  measurements 
by  Rahn  et  al.14'24  The  linewidths  of  individual  nitrogen  Q-branch  transitions 
observed  in  a  methane/air  flame  were  fit  by  a  fifth-order  polynomial4  and  scaled 
according  to  PT-®-5.  Nitrogen  O-branch  linewidths  were  approximated  by  Q-branch 
values  multiplied  by  1.15,  according  to  O-branch  investigations  by  Rahn.25  The 
linewidth  of  a  single  pure  rotational  S(9)  H2  transition  was  similarly  based  on 

direct  observation  by  Rahn.25 

Due  to  lack  of  sufficient  collisional  broadening  data,  linewidths  were  not 
adjusted  according  to  gas  composition.  This  approximation  is  reasonable  here  because 
of  the  predominance  of  N2  throughout  the  flame.  Collisional  narrowing  effects 
associated  with  line  overlap  were  also  neglected.  However,  perturbations  introduced 
by  these  effects  are  expected  to  be  small  in  an  atmospheric-pressure  flame. 

Transition  frequency  accuracy  exceeding  0.03  cm-1  was  required  due  to  numerous 
overlapping  lines  among  these  species.  We  used  molecular  rotational  and  vibrational 
constants  of  CO  and  H2  reported  by  Guelachvili2®  and  by  Jennings  et  al.,27 
respectively.  N2  constants  are  from  unpublished  results  of  Rahn  and  Owyoung.14 
These  constants  are  in  good  agreement  with  those  reported  by  Gilson  et  al.2® 

Based  on  recent  new  investigations,1®'1^'2^  values  used  for  theoretical 
nonresonant  susceptibilities  were  derived  from  the  data  of  Rado17  using  a 
multiplicative  factor3®  of  6.25.  The  flame  nonresonant  suscept ibility  was  measured 
relative  to  that  of  nitrogen  in  a  manner  described  below.  This  ratio  was  then 
multiplied  by  the  theoretical  nitrogen  value  and  used  as  input  for  the  flame 
nonresonant  background  calculations.  Raman  cross-sections  for  N2  and  CO  compiled  by 

Schrotter  and  Klockner31  were  used  in  the  calculation  of  resonant  susceptibilities. 
The  polarizability  anisotropy  reported  by  Bridge  and  Buckingham32  for  H2  was  used  for 
the  pure  rotational  S(9)  line. 

To  analyze  each  background-normalized  spectrum,  two  theoretical  spectra  were 
calculated  according  to  the  experimental  analyzer  angles  for  the  respective 
foreground  and  background  channels.  To  account  for  the  linewidths  of  the  lasers, 
which  were  in  all  cases  larger  than  the  Raman  linewidths,  these  3pectra  were 
convolved  using  the  formula  described  in  Ref.  29.  This  new  convolution  was  proposed 
by  Kataoka  et  al.33  and  by  Teets.34  It  can  differ  significantly  from  the  widely  used 
Yuratich  expression35  in  predicting  the  ratio  of  resonant  to  'nonresonant  intensities 
when  the  pump  linewidth  is  broad  relative  to  Raman  lines.  A  normalized  spectrum  was 
then  computed  from  the  point-by-point  ratio  of  the  convolved  spectra  for  comparison 
with  the  data. 


Normalized  CARS  measurements  in  atmospheric  combustion  environments  do  not 
exhibit  the  high  pulse-to-pulse  repeatability  observed  for  the  10-atm  CO/Ar  mixture. 
The  primary  reason  is  an  increase  in  shot  noise  in  the  weak  nonresonant  intensities 
from  high-temperature  gases.  For  example,  we  typically  observe  -100  counts  per  laser 
pulse  in  nonresonant  signals  from  post-flame  gases.  In  addition,  frequency- jitter- 
induced  noise  occurs  in  the  resonant  signals,  since  our  multi-mode  lasers  did  not 
resolve  Raman  linewidths  in  flames.  Thus,  we  acquired  flame  spectra  by  averaging  30- 
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60  laser  pulses  per  probe  frequency  step/  resulting  in  up  to  40-minute  scan  times. 

The  signal-to-noise  ratio  of  the  background-normalized  measurements  was  nevertheless 
approximately  a  factor  of  two  better  than  for  the  raw  signals  in  the  separate 
resonant  and  nonresonant  channels. 

The  burner  used  for  the  flame  measurements  consisted  of  a  stainless-steel 
honeycomb  plug  50  mm  in  diameter,  surrounded  by  a  75-mm-o.d.  coflow  annulus.  A 
methane/air  flame  with  a  stoichiometry  of  1.32±0.13  and  a  dry  air  coflow  was 
stabilized  on  the  burner.  With  this  stoichiometry  the  flame  front  was  located  2.0  mm 
above  the  burner  surface,  as  indicated  by  the  measured  temperature  profile. 

Enclosures  shielded  the  flame  from  room  drafts.  CARS  measurements  were  made  at 
points  along  the  centerline  extending  from  1.1  mm  to  20  mm  above  the  burner. 

Measurements  on  extracted  post-flame  gases  were  performed  using  a  low-pressure 
gas  sampling  system.  We  used  a  quartz  probe  with  a  water-cooled  jacket.  The  probe 
was  inserted  into  the  post-flame  gases  at  a  height  10  mm  above  the  burner.  The 
outlet  of  the  probe  was  connected  to  a  windowed  sample  cell  and  the  system  was 
operated  with  a  continuous  flow  of  gas  at  a  cell  pressure  of  25  torr. 

Absorption  spectra  of  CO  were  measured  using  two  passes  through  the  sample  cell, 
for  a  total  path  length  of  80  cm.  The  IR  source  was  a  single-mode  F-center  laser, 
Burleigh  model  FCL-20.  This  laser  was  scanned  by  tuning  an  intra-cavity  etalon, 
resulting  in  discrete  frequency  steps  at  the  cavity  mode  spacing  of  0.01  cm-1.  The 
linewidth  of  the  laser  was  <0.001  cm"1. 

A  rich  methane/air  flat  flame  was  chosen  to  test  the  utility  of  the  ratio 
technique  as  a  probe  of  steady-state  combusting  flows.  The  rich  flame  was 
investigated  for  several  reasons,  including  the  presence  of  appreciable  quantities  of 
CO  and  H2 /  and  the  ability  to  accurately  predict  the  post-flame  concentrations  of 
these  species  via  thermodynamic  equilibrium  models.  The  relatively  large  distance 
between  the  burner  surface  and  the  flame  front  allowed  probing  of  the  preheat  region 
and  the  flame  zone. 

Background-normalized  spectra  of  isolated  N2  O-branch  transitions  and  of  the  CO 
ground-state  and  first  hot-band  Q-branch  were  measured  at  various  heights  on  the 
centerline  above  the  burner.  The  N2  O-branch  spectra  were  analyzed  for  temperature 
and  N£  concentration  through  least-squares  fitting.  These  transitions  were  chosen 
because  they  occur  in  the  vicinity  of  the  CO  bandhead  and  are  easily  and  efficiently 
analyzed.  Also,  it  is  possible  to  completely  suppress  the  relatively  weak  N2  0- 
branch  intensities  in  the  background  channel,  providing  a  flat  reference  spectrum. 
(Intense  N2  Q-branch  signals  could  not  be  suppressed  entirely.) 

CO  concentrations  were  determined  from  the  CO  Q-branch  spectra  using  the 
temperatures  obtained  from  the  N2  O-branch  spectra.  Due  to  the  extensive  time 
required  to  compute  CO  Q-branch  spectra  (involving  over  200  transitions)  we  did  not 
perform  least-squares  fitting.  However,  because  of  the  normalization  method  and  the 
use  of  background  subtraction,  varying  the  theoretical  CO  concentration  primarily 
amounted  to  adjusting  the  vertical  scale  factor.  Thus,  we  judged  that  a  visual  fit 
was  accurate  to  -5% . 

To  minimize  uncertainty  in  deduced  mole  fractions,  which  are  normalized  to  the 
flame  nonresonant  background,  a  method  was  devised  for  measuring  the  latter  directly. 
Using  one  channel,  the  polarizer  was  rotated  to  87.8  degrees  to  reject  the  N2  Q- 
branch  susceptibility.  With  the  probe  laser  tuned  far  from  resonance  with  any  O- 
branch  transition  (near  2182  cm-1),  the  resulting  signal  was  predominantly  due  to  the 
nonresonant  electronic  susceptibility.  This  signal  was  measured  at  various  flame 
positions  and  compared  to  that  of  the  room- temperature  air  coflow.  Using  measured 
flame  temperatures,  these  ratios  were  corrected  to  yield  flame  nonresonant 
susceptibilities  relative  to  N2  at  the  same  densities. 

The  measured  nonresonant  susceptibilities  at  various  heights  in  the  flame, 
together  with  temperatures  measured  at  the  same  positions  from  O-branch  spectra,  are 
shown  in  Fig.  3.  We  see  that  the  relative  susceptibilities  are  all  greater  than 
unity,  i.e.,  greater  than  that  of  N2 .  This  result  is  consistent  with  the  fact  that 

many  flame  species,  including  CH4  and  CO2,  have  nonresonant  susceptibilities17  larger 
than  N2.  A  mixture-weighted  calculation  using  the  input  CH4,  N2,  and  O2  fractions  is 
indicated  by  an  X  on  the  ordinate  of  Fig.  3,  and  is  slightly  lower  but  in  reasonable 
agreement  with  the  susceptibility  measured  closest  to  the  burner.  Since  the 
background  measurements  in  the  flame  and  in  the  room-temperature  air  coflow  were  both 
non -normal! zed  measurements,  the  accuracy  is  probably  limited  by  such  systematic 
effects  as  slight  beam  ateering  in  the  flame. 

in  many  cases,  the  flame  nonresonant  susceptibility  can  be  estimated  rather  than 
actually  measured.  Accurate  predictions  require  knowledge  of  relative  concentrations 
and  nonresonant  susceptibility  values  for  all  major  species,  which  are  not  always 
available.  However,  as  previously  noted, 36  in  near-stochiometric,  air-fed 
combustors,  the  nonresonant  susceptibility  (me  secular  basis)  will  not  vary  greatly 
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with  combustion.  This  expectation  is  in  agreement  with  Fig.  3,  where  the 
susceptiblity  changes  by  only  15%  from  reactants  to  products. 


HEIGHT  ABOVE  BURNER  (mm) 


3.  Measurements  of  temperature 
(squares)  and  nonresonant 
susceptibility  (circles!  measured 
along  the  centerline  of  a  rich  (<p  * 
1.32)  methane/air  flat  flame.  The 
nonresonant  susceptibility  magnitude 
is  relative  to  that  of  N2 •  An  X 
symbol  on  the  left  ordinate 
indicates  the  susceptibility 
calculated  from  reported  values17"13 
for  the  input  gases.  Solid  lines 
are  smooth  curves  drawn  through  the 
data  points. 


The  concentration  of  N2  was  measured  from  background-free  spectra  of  0(19) 

(v-0— >1)  and  0(16)  (v-l—>2)  near  2177  cm-1,  normalized  by  the  nonresonant  background 
spectrum.  A  polarizer  angle  of  37.6  degrees  from  the  vertical  was  used  for  the 
latter.  The  resulting  background-normalized  spectra  were  analyzed  using  the  CARS 
computer  code  described  previously.  Parameters  varied  for  best  fit  included  N2 
concentration,  temperature,  pump  linewidth,  and  vertical  offset  (foreground  spectrum 
only,  to  account  for  small  zero  errors) .  The  inclusion  of  both  v=0-*l  and  v=l->2 
transitions  in  the  measured  spectra  provided  temperature  information  from  the 
relative  peak  heights.  Concentration  sensitivity  derived  mostly  from  the  ratio  of 
peak  to  background  intensity. 

In  the  course  of  these  measurements,  we  investigated  the  effects  of  two  factors 
on  concentration  accuracy:  laser  field  intensity  and  choice  of  model  for  convolution 
over  pump  laser  linewidth.  Both  factors  can  result  in  underestimation  of 
concentration.  In  particular,  we  examined  under  what  conditions  excessive  laser 
power  can  lead  to  Stark  broadening  ef fects . 37, 38  we  also  tested  the  significance  of 
using  the  Yuratich  convolution  theory35  rather  than  the  results  of  Kataoka  et  al.33 
and  Teets.34  These  latter  equivalent  models  account  for  the  finite  linewidths  of  the 
pump  and  probe  lasers,  which  are  significant  when  Raman  linewidths  are  not  fully 
resolved.  The  Yuratich  model  does  not  properly  account  for  the  pump  laser 
linewidth, 29, 34  ^ut  requires  considerably  less  computation  time. 

The  initial  N2  concentration  profile,  measured  with  the  pump  laser  focused  to  an 

intensity  of  140130  GW/cm^,  is  shown  by  the  square  symbols  in  Fig.  4.  A  cross  symbol 
on  the  abscissa  indicates  the  input  N2  mole  fraction.  The  measured  concentrations 
are  observed  to  decrease  rapidly  as  temperature  increases  (Fig.  3),  falling  to  nearly 
one-half  the  input  value.  From  equilibrium  calculations  of  the  post-flame 
composition,  this  reduction  of  N2  mole  fraction  appeared  excessive.  Further 
investigation  revealed  that  the  ratio  of  peak-to-background  intensities,  and  hence 
the  inferred  concentration,  was  dependent  on  the  pump  laser  intensity,  with  higher 
powers  resulting  in  lower  concentrations.  This  result  is  illustrated  in  Fig.  5, 
which  shows  that  at  minimum  usable  power  levels  the  concentration  was  nearly 
constant,  but  at  a  relatively  modest  70  GW/ cm3  intensity,  the  measured  concentration 
was  reduced  by  -15%.  Since  higher  pump  intensities  had  been  used  for  the  data  marked 
by  squares  in  Fig.  4,  the  effect  would  have  been  even  more  pronounced.  Temperature 
measurements  were  not  significantly  perturbed,  as  both  v-0— >1  and  v«l—>2  transition 
intensities  were  similarly  affected  (typical  temperature  uncertainty  was  50  K)  . 

4  .  Measurements  of  N2  concentrations  along 
the  centerline  of  the  flame,  based  on 
background-normalized  CARS  spectra  of  O- 
branch  transitions.  Triangles  indicate 
measurements  obtained  using  total  pump 
intensity  <30  GW/cm^.  Squares  show  data 
measured  with  excessive  pump  intensity, 

45  mj  energy,  resulting  in  140  GW/cm^, 
and  illustrate  the  effects  of  Stark 
broadening.  Circles  represent  data 
analyzed  using  a  more  efficient  but  less 
rigorous  convolution  theory35  to  account 
for  the  pump  laser  lineshape.  The 
theory  of  Kataoka  et  al.33  and  of 
Teets34  was  used  to  analyze  the  other 
data.  Lines  are  smooth  curves  drawn 
through  the  data  points. 


5.  Illustration  of  Stark  broadening  of  N2  O-branch  transitions  and  its  effect  on 

inferred  mole  fraction  concentrations  {denoted  by  "n") .  Spectra  are  background- 
normalized  to  the  nonresonant  CARS  signal,  so  peak  intensities  should  be 
independent  of  pump  laser  power.  The  square  root  of  the  signal  ratio  is  plotted. 

Several  possible  explanations  for  the  dependence  of  peak-to-background  ratio  on 
pump  intensity  were  examined.  Detector  linearity  was  checked  over  the  appropriate 
range  of  signal  strengths.  We  verified  concentration  calibration  at  room  temperature 
by  measuring  the  ambient  concentration  of  N2,  with  resulting  accuracy  better  than  5%. 
The  possibility  of  significant  saturation  by  stimulated  Raman  pumping  was  eliminated 
by  the  observation  that  the  effect  was  not  dependent  on  the  pr<.  i  intensity 
(typically  much  lower  than  that  of  the  pump),  and  by  theoretical  estimates  of  pumping 
rates . 

Instead  we  attribute  these  results  to  Raman  linewidth  broadening  resulting  from 
dynamic  Stark  splitting  of  the  rotational  transition.37  The  apparent  temperature 
dependence  of  the  effect  results  from  the  fact  that  smaller  linewidths  occurring  at 
higher  temperatures  are  more  effectively  broadened  by  the  splitting,  whose  magnitude 
is  independent  of  temperature.  This  hypothesis  was  supported  by  calculations  based 
on  a  classical  polarizability-derivative  model  for  the  Stark  splitting.  The 
calculations  predicted  a  linewidth  broadening  effect  of  0.012  cm"1/ 100  GW/cm^, 
compared  with  a  broadening  of  0.016±0.003  cm'1/100  GW/cm^  inferred  from  our 
observations.  This  was  considered  consistent  in  view  of  the  approximations  of  the 
model  (e.g.,  the  laser  fields  were  assumed  spatially  uniform). 

Following  this  study  we  substituted  a  beam-focusing  lens  with  a  longer  focal 
length  (42  cm  instead  of  30  cm)  and  reduced  the  pump  intensity  to  a  level  where 
broadening  effects  were  not  observed,  i.e.,  below  30  GW/cm^.  {Note  that  similar 
Stark  splitting  effects  are  expected  to  be  less  important  for  Q-branch  transitions 
because  splittings  occur  only  for  depolarized  spectra.37"4®) 

The  N2  concentration  measurements  obtained  with  reduced  pump  intensity  displayed 
little  temperature  dependence,  and  agreed  closely  with  the  input  N2  mole  fraction. 
Represented  by  the  triangle  symbols  plotted  in  Fig.  4,  the  concentration  profile 
shows  relatively  little  variation  as  a  func  ion  of  temperature  or  height  in  the 
flame . 

We  also  investigated  the  error  introduced  by  using  the  computationally  efficient 
Yuratich  convolution33  to  account  for  the  laser  linewidths.  The  circles  in  Fig.  4 
show  the  results  of  analyzing  the  same  data  as  above,  but  using  the  Yuratich  formula 
rather  than  the  more  rigorous  Kataoka33  or  Teets34  results.  For  all  but  the  lowest 
measured  temperature,  the  former  method  gave  a  concentration  ~10%  lower  than  the 
correct  one.  The  fact  that  the  difference  was  not  larger  is  probably  due  to  the  use 
of  an  etalon  in  the  Nd:YAG  pump  laser,  resulting  in  a  FWHM  linewidth  of  0.1  cm"1  at 
532  nm.  In  previous  investigations  of  this  effect, 34>29  Nd: YAG  lasers  with 
bandwidths  of  1.0  cm-1  and  0.7  cm-1,  respectively,  have  been  used.  We  observed  no 
significant  differences  between  temperatures  measured  using  the  two  convolution 
methods . 

CO  concentration  measurements  were  obtained  from  normalized,  background-free  Q- 
branch  spectra  of  the  CO  ground-state  and  first  hot -band.  This  spectral  region 
contains  contributions  from  three  species,  allowing  CO,  N£f  and  H2  concentrations  to 
be  monitored.  A  typical  foreground  spectrum  measured  20  mm  above  the  burner  is  shown 
in  Fig.  6a.  The  prominent  lines  near  2153  and  2143  cm"1  and  between  several  CO  Q- 
branch  lines  are  N2  O-branch  transitions.  An  N2  0(22)  transition  at  2124.78  cm"1 
coincides  with  the  CO  Q(32)  frequency  and  results  in  destructive  interference.  A 
pure  rotational  S(9)  transition  of  H2  is  observed  at  2130.1  cm-1. 
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Experimental  CARS  foreground 
(a) ,  background  (c) ,  and  ratio 
<e)  spectra  of  the  CO  Q-branch 
region  measured  20  mm  above  the 
burner  surface.  (Ratio  is  the 
foreground  divided  by  the 
background.)  Calculated  CARS 
foreground  (b) ,  background  (d)  , 
and  ratio  (f)  spectra. 
Temperature  (obtained  from 
separate  N2  spectra)  was  1150  K 
in  the  calculations.  We  used 
CO,  H2,  and  N2  mole  fractions 
of  0.062,  0.03,  and  0.66, 
respectively,  for  the 
calculations.  The  etalon  was 
removed  from  the  dye  laser, 
resulting  in  a  linewi.dth  of 
0.35  cm~l,  to  permit  long 
scans . 


A  resonant  spectrum  was  calculated  using  the  temperature  and  N2  concentration 
measured  previously,  and  CO  concentration  as  described  below.  The  result  is  shown  in 
Fig.  6b.  The  agreement  with  experiment  is  good  except  for  small  discrepancies 
involving  intensities  of  interspersed  N2  0-branch  lines,  which  are  typically 
overestimated.  As  high-resolution  measurements  revealed  later,  these  differences 
partly  resulted  from  slightlv  inaccurate  N2  O-branch  transition  frequencies  and 

iinewidths.  In  addition,  the  laser  field  intensity  was  -TO  GVJ/cm^,  which  probably 
caused  Stark  broadening  of  the  N2  O-branch,  but  not  the  CO  Q-branch,  transitions.  In 
one  case,  the  intensity  of  the  0(23)  N2  transition,  which  coincides  closely  with  the 
CO  bandhead  frequency,  is  underestimated.  However,  other  researchers  have  reported 
similar  difficulty  in  modeling  the  bandhead  region  of  neat  CO.41  Thus,  some  of  the 
discrepancy  may  stem  from  the  CO  spectral  model  rather  than  its  interaction  with  N2 

O-branch  lines.  Stuff lebeam  et  al.41  have  suggested  that  the  spike  may  result  from 
the  effects  of  correlated  mode  amplitudes  in  the  pump  beam  fields. 

The  nonresonant  background  spectrum  for  these  data  was  measured  with  the 
polarizer  oriented  86.2  degrees  from  the  vertical  to  reject  Q-branch  components.  N2 
and  H2  rotational  transitions,  having  anisotropic  symmetry,  were  not  rejected  and 
appear  as  relatively  weak  peaks  interfering  with  the  background.  Figure  6c  shows  the 
background  spectrum  measured  20  mm  above  the  burner  surface.  Except  for  the  S(9)  H2 
transition,  all  features  are  due  to  N2  O-branch  transitions.  Since  this  spectrum  is 
later  divided  into  the  foreground  data,  these  features  will  affect  the  ratio  spectrum 
and  thus  must  be  included  in  calculations.  The  corresponding  theoretical  background 
is  shown  in  Fig.  6d .  An  H2  mole  fraction  of  0.03  gave  the  best  qualitative  agreement 
with  the  data. 

As  shown  in  Figs.  6e  and  6f,  the  normalized  experimental  and  theoretical  spectra 
are  in  good  agreement  when  a  CO  mole  fraction  of  0.059  is  used.  Note  that  the 
normalization  permits  a  direct  comparison  between  the  normalized  theoretical  and 
experimental  intensities.  Varying  the  theoretical  concentration  essentially  varies 
the  CO  peak  amplitudes. 

Varying  the  theoretical  CO  concentration  for  best  agreem'nt  with  the  data 
resulted  in  the  profile  indicated  by  circles  in  Fig.  7.  The  CO  concentration  is  seen 
to  follow  the  temperature  profile,  reproduced  from  Fig.  2  and  indicated  by  squares. 
Above  3  mm  the  concentration  maintained  a  constant  value  of  0.060±0.003.  We  also 
made  measurements  along  a  flame  radius  to  establish  the  minimum  observable  CO 
concentration  for  our  system.  A  CO  mole  fraction  of  0.0035  was  easily  detected  at  a 
temperature  of  1900  K.  From  these  data  we  estimate  a  minimum  detectable  CO  mole 
fraction  of  0.001  for  a  20-minute  measurement  time. 

For  comparison  with  the  CARS  concentration  results,  IR  absorption  measurements 
of  CO  were  performed  on  post-flame  gases  extracted  with  the  sampling  probe.  After 
being  drawn  from  the  flame  at  a  height  10  mm  above  the  burner,  the  gases  were 
measured  at  room  temperature  and  25  torr.  This  low  pressure  prevented  condensation 
of  H2O  and  inhibited  conversion  of  CO  to  CO2 ■  Using  similar  flow  systems,  good 
agreement  has  been  reported  among  CO  concentrations  analyzed  in  gases  from  rich 


flames,  in  situ  flame  absorption  results, 4^  and  flame  calculations  assuming  chemical 
equilibrium. 42, 43 


CO  concentration  profile 
(circles)  obtained  from  data 
such  as  those  shown  in  Fig.  6. 
Squares  are  temperatures 
reproduced  from  Fig.  3.  The 
triangle  symbol  indicates  the 
CO  concentration  measured  by  IR 
laser  absorption  in  flame  gases 
extracted  at  this  height .  The 
cross  symbol  shows  the  result 
of  a  thermodynamic  equilibrium 
calculation  for  the  post-flame 
gases . 


Spectra  of  the  CO  overtone  (v=0-»2)  R(18)  transition  were  measured  in  the 
equilibrated  flame  gases  and  compared  with  spectra  from  an  assayed  gas  sample  of 
0.110±0.001  mole  fraction  CO  in  N2  at  the  same  pressure  and  temperature.  A 
comparison  of  spectrally  integrated  line  strengths  indicated  a  CO  mole  fraction  of 
0.05±0.01  in  the  flame  gases.  The  estimated  error  arises  primarily  from  uncertainty 
in  the  baseline  for  determining  absorbed  laser  power  (there  was  approximately  50% 
absorption  at  line  center  in  the  flame  gas) . 


This  result  is  in  reasonable  agreement  with  the  CARS  result  of  D.062±0.015  for 
the  mole  fraction  of  CO  measured  at  the  same  flame  position.  The  25%  uncertainty  for 
the  concentration  of  CO  determined  from  CARS  is  largely  systematic.  An  experimental 
precision  of  ±0.003,  or  ±5%,  is  due  to  random  noise  and  fitting  errors.  Systematic 
errors  result  mainly  from  uncertainties  in  theoretical  nonresonant  susceptibilities, 
Raman  and  laser  linewidths,  and  Raman  cross-sections,  which  govern  the  predicted 
ratio  of  resonant  to  nonresonant  CARS  intensities.  For  CO  these  factors  are 
estimated  to  contribute  20%  to  the  concentration  uncertainty.  For  N2>  this 
uncertainty  is  smaller,  approximately  ±10%  due  to  more  accurate  Raman  linewidth  and 
cross-section  data.  Other  possible  error  sources  are  uncertainty  in  determining  the 
flame  nonresonant  susceptibility  (±10%)  and  the  relative  detection  channel  gain 
(±5%).  Thus,  the  total  N2  concentration  uncertainty  is  estimated  to  be  ±20%. 


To  obtain  maximum  species  detectivity,  all  CARS  measurements  were  performed 
using  nearly  equal  pump  beam  path  lengths.  This  geometry  maximizes  signal  strength 
but  can  lead  to  anomalous  enhancement  of  nonresonant  compared  to  resonant 
intensities,  and  thus  subsequent  underestimation  of  concent rations . 2 9  The  relative 
enhancement  occurs  only  when  the  CARS  pump  laser  is  broader  than  transition 
linewidths,  and  when  the  two  pump  beams  are  mutually  coherent . 2 44  This  effect  is 
associated  with  random  fluctuations  of  the  field  within  a  single  laser  pulse. 

From  measurements  in  gas  cells  at  various  pressures,  we  estimated  the  resulting 
concentration  underestimation  to  be  £5%  for  the  isolated  N2  O-branch  lines,  and 

probably  negligible  for  the  CO  Q-branch.45  This  result,  as  well  as  the  simplified 
convolution  requirements,  points  out  the  value  of  using  narrowband  pump  lasers  for 
CARS  measurements.  Because  of  the  dominance  of  other  systematic  errors,  we  did  not 
apply  any  correction  to  the  N2  concentration  results. 


A  calculation  of  relative  species  concentrations  based  on  metered  input  flow 
rates  and  measured  flame  temperatures  was  also  in  good  agreement  with  the  CARS 
results  for  CO  and  N2 .  To  make  the  calculation,  we  used  the  DEQUIL  computer  code,46 
which  assumes  thermodynamic  equilibrium.  The  result  for  CO  was  a  mole  fraction  of 
0.062±0.020,  with  error  limits  due  to  uncertainty  in  temperature  (±50  K)  and 
equivalence  ratio  (±10%).  This  value  compares  well  with  the  avei age  post-flame  CARS 
result  of  0.061±0.015  molar.  For  H2  the  calculated  mole  fraction  was  0.055±0.025, 
whereas  the  CARS  result  was  0.030±0.015.  The  latter  had  a  relatively  large 
uncertainty  because  the  measurement  was  based  on  a  single  line  which  could  only  be 
clearly  observed  in  the  relatively  noisy  background  spectrum,  and  any  residual  Stark 
splitting  would  have  been  enhanced  by  the  low  J  number  (J»9  compared  to  J>20  for  the 
N2  transitions) .  More  accurate  results  could  be  obtained  by  measuring  the  H2  Q- 

branch  near  4192  cm"1,  but  this  approach  would  provide  little  information  on  other 
species.  Finally,  the  calculated  molar  concentration  of  0.64010.025  for  N2  is  in 
excellent  agreement  with  the  average  post-flame  CARS  measurement  of  0.641. 
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V.  HIGH -RE  SOLUTION  MEASUREMENTS 

The  experimental  configuration  of  the  high-resolution  scanning  CARS  experiment 
is  similar  to  that  previously  described,  except  that  the  laser  sources  are  different. 
A  VAX  11/730  computer  acquired  the  digitized  anti-Stokes  signal  and  normalized  the 
signal  strength  for  each  laser  pulse  by  the  measured  Stokes  energy  and  the  square  of 
the  pump  energy;  5-8  pulses  were  averaged  for  each  Stokes  frequency  step. 

The  pump  radiation  was  provided  by  the  frequency-doubled  output  of  a  modified 
Molectron  MY-34  Nd: YAG  laser  equipped  with  a  MY-SAM  single-axial-mode  option.  During 
data  acquisition,  the  532-nm  frequency  of  the  laser  was  monitored  for  single-mode 
operation  with  a  3-Ghz  free-spectral-range  Fizeau  interferometer.  We  estimate  the 
pulse-averaged  linewidth  (HWHM)  of  the  laser  to  be  less  than  25  MHz  at  532  nm,  based 
on  measurements  of  other  single-mode  Molectron  Nd : YAG  lasers.47  For  the  Stokes 
radiation,  60  mj  of  the  total  90  mj  532-nm  output  was  used  to  pulse-amplif y  the  cw 
beam  from  a  Coherent  699-29  actively  stabilized  ring-dye  laser.  The  linewidth  (HWHM) 
of  this  laser  after  three  dye  amplifier  stages  was  measured  to  be  35  MHz.  The  Stokes 
frequency  was  stepped  in  increments  of  (3-5)  x  10-4  cm"1  via  an  externally  applied 
programming  voltage.  The  frequency  scan  was  calibrated  by  measuring  fringe  spacings 
from  a  750-MHz  monitor  etalon. 

Each  Raman  linewidth  was  determined  by  least-squares  fitting  a  restricted 
spectral  region  containing  the  transition  of  interest.  For  each  fit,  a  fitting 
parameter  was  used  to  simultaneously  vary  all  the  transition  linewidths  by  a 
multiplicative  factor;  this  technique  minimized  fitting  time,  yet  provided 
essentially  independent  transition  linewidths  because  the  wings  of  neighboring 
transitions  depend  only  weakly  on  linewidth. 

The  same  methane/air  flame  used  previously  was  operated  with  a  total  flow  rate 
of  6.010.24  SLPM  and  an  equivalence  ratio  of  1.410.1.  Measurements  were  performed  10 
mm  above  the  flame  zone,  which  was  -3mm  above  the  surface  of  the  honeycomb  burner. 

An  air  sheath  flow  was  used  to  stabilize  the  flame.  A  flame  temperature  of  1690140  K 
was  measured  from  least-squares  fits  of  the  v=0— >1  and  v«l— >2  Q-branch  bands  of  N2, 
obtained  with  a  conventional  pulsed  dye  laser  (HWHM  linewidth  of  0.015  cm"1). 

The  use  of  narrowband  lasers  to  measure  relatively  small  linewidths  requires 
that  precautions  be  taken  to  avoid  broadening  by  two-photon  Raman  saturation.48 
Stark-broadening  can  also  be  significant.  The  lasers  were  focused  using  a  400-mm- 
focal-length  lens  and  f-numbers  >70  to  obtain  large  focal  diameters  (80-100  |im)  and 
low  power  densities  (pump:  1816  GW/cm2,  probe:  612  GW/cm2) .  We  checked  for 
saturation  effects  by  measuring  the  dependence  of  peak  signal  intensities  on  Stokes 
laser  power;  the  dependence  was  found  to  be  linear.  Stark  effects  were  estimated28 
to  contribute  no  more  than  10"3  cm"1  to  the  linewidths. 

To  further  verify  the  absence  of  saturation  in  the  spectra  and  to  check  the 
fitting  methods  used  to  extract  linewidths,  measurements  of  Q-branch  linewidths  of  N2 
in  a  buffer  of  Ar  at  250  torr  were  compared  with  recent  values  reported  from  IRS 
experiments . 29  The  measured  CARS  linewidths  were  found  to  be,  on  the  average,  5% 
lower  than  the  250-torr  collisional  widths  computed  from  the  IRS  broadening 
coefficients.  (Doppler  contributions  to  the  linewidth  at  this  pressure  are 
negligible.)  These  differences  are  well  within  the  uncertainties  of  110%  quoted  for 
the  IRS  measurements29  and  110%  estimated  for  the  CARS  linewidths. 

Observations  with  IRS  of  N2  O-branch  transitions  in  a  flame  have  not  been 
attempted  because  of  low  signal  strength.  The  data  points  in  Fig.  8  show  a  CARS 
spectrum  of  the  0(22)  transition  of  N2  at  2151.97  cm"1,  measured  in  the  flame.  The 
solid  curve  is  a  calculation,  with  the  Raman  linewidth  varied  for  Kest  fit.  The 
average  of  two  such  measurements  gave  a  linewidth  (HWHM)  of  0.01710.0017  cm"1  at  760 
torr.  This  result  is  20%  smaller  than  estimated  above,  based  on  room-temperature  O- 


8.  Experimental  spectrum  of  the 
0(22)  transition  of  N2  in  a 
methane/air  flat  flame  at  742 
torr,  indicated  by  data  points. 
The  flame  gas  temperature  was 
measured  to  be  1690  K  from 
analysis  of  N2  Q-branch 
spectra.  The  solid  curve  is  a 
theoretical  spectrum  with  the 
Raman  linewidth  varied  for  best 
fit . 


branch  linewidths  measured  with  IRS.  The  other  J-dependent  N2  O-branch  linewidths  in 
the  CO  spectral  region  were  not  measured  because  of  their  proximity  to  CO 
transitions;  instead,  they  were  adjusted  for  agreement  with  the  0(22)  value  using 
the  same  J-dependence  as  for  the  N2  Q-branch.24 

Since  absolute  transition  frequencies  of  CO  are  accurately  known  (~10“4  cm-1) 
from  high-resolution  infrared  measurements, 26  the  analysis  of  small  CO-N2  splittings 
can  provide  accurate  N2  O-branch  frequencies.  A  near  coincidence  between  the  0(25) 
transition  of  N2  and  the  Q(31)  transition  of  CO  is  shown  in  the  spectrum  indicated  by 
the  data  points  in  Fig.  9.  Varying  the  frequency  of  the  former  for  best  agreement 
gave  a  value  of  2126 . 020±0 . 003  cm“l  for  the  theoretical  spectrum  shown  by  the  solid 
curve  in  the  figure.  This  result,  combined  with  new  high-resolution  measurements  of 
N2  Q-branch  frequencies, were  used  to  refine  the  molecular  constants  of  N2  employed 
in  our  CARS  fitting  code.  The  new  constants  will  be  reported  elsewhere.  We  found  it 
necessary  to  include  in  the  calculated  spectrum  off-resonant  contributions  from  the 
S{9)  transition  of  H2  at  2130.10  cm“-  to  reproduce  intensities  in  the  wings  of  the 
lines  correctly. 

9.  Experimental  spectrum  of  the 
0(25)  transition  of  N2  and  the 
Q(31)  transition  of  CO  in  the 
flame,  indicated  by  data 
points.  Varying  the  N2 
transition  frequency  for  best 
fit  (2126. 020±0. 003  cm-1) 
resulted  in  the  theoretical 
spectrum  shown  by  the  solid 
curve . 
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The  increased  accuracy  in  these  O-branch  linewidths  and  frequencies  resulted  in 
improved  modeling  of  the  CO  bandhead  compared  to  the  low-resolution  measurements 
described  previously.  An  experimental  measurement  of  the  CO  bandhead  region  is 
shown  by  the  data  points  in  Fig.  10;  the  prominent  peak  at  2143.35  cm-1  is  the  0(23) 
transition  of  N2 •  The  underestimation  of  this  peak  seen  in  previous  calculations 

(Fig.  6a, d)  partly  resulted  from  the  use  of  too  large  a  linewidth  and  a  0.015-cm"1 
frequency  error  to  the  low  side.  (An  additional  contribution  to  the  discrepancy  may 
result  from  the  effects  of  laser  field  statistics . 4 1 , 44)  The  solid  line  in  Fig.  10 
is  a  theoretical  spectrum  obtained  by  varying  the  linewidth  scaling  factor  for  the  CO 
linewidths  and  the  concentration  relative  to  N2  for  best  fit.  The  resulting 
concentration,  while  subject  to  large  error  due  to  the  presence  of  only  one  N2 

transition,  was  nevertheless  in  reasonable  agreement  with  the  prediction^  0f 
equilibrium  chemistry  calculations:  CO  mole  fraction  of  0.064±0.02  compared  to  a 
calculated  value  of  0.073±0.012  based  on  the  measured  temperature  and  input  gas 
flows.  We  consider  the  small  differences  between  experimental  and  theoretical 
spectra  to  be  within  the  noise  of  the  measurement. 


FLAME  CO  BANDHEAD 
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10.  Experimental  spectrum  of  the  CO 
bandhead  region  in  the  flame. 
The  labeled  peak  is  an  O-branch 
transition  of  N2»  and  the  solid 
curve  is  a  theoretical  spectrum 
with  CO  Raman • linewidths  and 
relative  concentrations  varied 
for  best  fit . 
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CO  Q-branch  linewidths  were  measured  for  J«2  to  17  by  fitting  individual 
transitions  as  discussed  above.  The  results,  normalized  to  760  torr,  are  given  by 
the  data  points  in  Fig.  11.  The  solid  curve  is  a  straight-line  fit  to  the  data.  The 
error  bars  shown  in  the  figure  indicate  uncertainties,  principally  due  to  random 
errors  such  as  statistical  noise,  baseline  errors,  and  fit  errors.  Over  this  range 
of  rotational  quantum  number,  we  did  not  observe  a  significant  dependence  of  the 
linewidths  on  J.  The  results  also  show  that  the  approximation  of  using  N2  linewidths 
for  CO  in  this  flame  results  in  linewidths  up  to  14%  too  small,  compared  to 
collisional  widths  for  N2  in  a  flame  from  Ref.  24. 
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transitions  of  CO  in  the  flame, 
indicated  by  data  points  and 
referenced  to  760  torr.  The 
solid  curve  is  a  straight-line 
fit  to  the  data:  = 

0.02074  +  3.72  x  10“5J  cm-1. 

(From  regression  analysis,  the 
data  are  also  consistent  with  a 
horizontal  line.)  The  broken 
curve  is  a  fit  to  the  infrared 
linewidths  reported  by  Varghese 
and  Hanson,16  corrected  for  our 
flame  temperature  (1690  K)  and 
including  an  estimated  Doppler 
width  of  0.001  cm'1 . 


The  CO  Raman  linewidths  were  found  to  be  comparable  to  the  infrared  P-  and  R- 
branch  collisional  widths  reported  by  Varghese  and  Hanson,16  which  formed  the  basis 
for  Eq.  1  above.  A  straight-line  fit16  to  the  infrared  collisional  widths  was 
corrected  for  our  flame  temperature  of  1690  K  using  J-dependent  temperature  exponents 
reported  in  the  same  reference.  Since  full  linewidths  were  not  reported,  an 
additional  0.001  cm-1  was  added  to  each  width  to  account  for  Doppler  contributions. 
(This  additional  width  was  deduced  from  a  Voigt  analysis,  which  had  been  used  to 
correct  the  original  observations.)  The  results  are  indicated  by  a  broken  line  in 
Fig.  11.  The  infrared  linewidths  appear  to  be  somewhat  larger,  at  least  for  low  J, 
than  the  corresponding  Raman  linewidths.  This  result  is  not  unreasonable  since  the 
infrared  transitions  are  subject  to  additional  broadening  by  pure  rotational 
dephasing.  However,  given  the  uncertainties  in  both  sets  of  measurements,  the 
differences  are  not  significant. 

VI.  NQNRESQNANT  SUSCEPTIBILITY  MEASUREMENTS 

Nonresonant  susceptibilities  were  measured  indirectly  by  measuring  the  spectrum 
of  a  gas  containing  the  species  of  interest  plus  a  smaller,  known  fraction  of  a 
resonant  species  used  as  a  reference.  We  used  polarization  background  suppression 
an  i  chose  the  resonant  species  concentration  to  obtain  comparable  resonant  and 
nonresonant  intensities  in  the  spectrum.  The  nonresonant  susceptibility  (Xnr1  was 
extracted  by  fitting  the  spectrum  with  the  concentration  fixed  at  the  known  value  and 
allowing  Xnr  to  vary.  For  accurate  results  it  is  important  to  have  accurate 
collisonal  broadening  coefficients  for  the  resonant  species  by  the  nonresonant 
species.  In  addition,  the  use  of  a  single-mode  pump  laser  reduces  uncertainties  due 
to  pump  field  fluctuation  statistics  and  spectral  convolution  calculations.  This 
technique  was  previously  demonstrated  for  N2  and  Ar,^9  resulting  in  estimated 
uncertainties  of  ±10%. 


12.  Experimental  spectrum  of  the  Q- 
branch  of  N2  in  the  post-flame 
gases  of  a  stochiomet ric 
H2/O2/N2  premixed  flame, 
indicated  by  the  solid  curve. 

A  pulsed  dye  laser  with  a  HWHM 
linewidth  of  0.045  cm-1  was 
used  as  the  Stokes  laser.  The 
broken  curve  is  a  spectrum 
calculated  using  a  value  for 
Xnr<H201  that  was  varied  for 
best  fit  (see  text). 
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The  nonresonant  susceptibility  (Xnr)  **20  vapor  was  measured  in  such  a  way 
from  a  CARS  spectrum  of  N2  in  flame  gases  containing  67  mole  %  H2O  and  33  moie  %  N2 
(see  Fig.  12).  A  conventional  pulsed  dye  laser  with  etalon  (HWHM  linewidth  of  0.015 
cm-*)  was  used  to  obtain  a  large  frequency  scan.  A  preliminary  analysis  of  these 
data  gives  an  STP  value  for  Xnr^H20)  of  18.5±l-8  x  iO-18  cm3/erg,  or  2.18±0.22  times 
that  of  N2 .  High-resolution  spectra  of  ^/butane  and  ^/propane  mixtures  have  also 
been  measured/  and  are  being  analyzed  to  determine  nonresonant  susceptibilities  and 
collisional  broadening  coefficients. 

VII.  CONCLUSIONS  AND  SUMMARY 

The  two-channel,  background  normalization  technique  has  been  shown  to  be  a 
powerful  tool  for  analytic  CARS  spectroscopy.  With  the  capability  of  nearly  shot- 
noise-limited  signal  reproducibility,  very  precise  single-pulse  intensity 
measurements  are  possible  in  high-density  media.  We  were  able  to  achieve  ±2% 
reproducibility  of  normalized  CARS  signals  from  a  gas  sample  at  10  atm  and  300  K. 
Depending  on  the  nature  of  the  sample,  such  data  could  provide  time-resolved 
concentration,  temperature,  or  even  pressure  measurements.  With  the  addition  of  a 
second  probe  laser  and  detectors  to  simultaneously  monitor  another  Raman  line, 
temperature  could  be  obtained. 

For  atmospheric-pressure  combustion  studies,  the  background-normalization 
technique  provides  precise  concentrations  with  high  sensitivity.  For  the  CO 
measurements  reported  here,  sensitivity  apparently  surpasses  (by  a  factor  of  -5)  that 
of  CARS  experiments  not  using  background-suppression . *0  This  improvement  results 
from  the  combined  factors  of  background-suppression,  narrowband  excitation,  and 
photon-limited  detection.  Useful  information  provided  by  the  background  intensity  is 
not  lost  but  is  separately  detected.  The  resulting  normalized  signal  is  relatively 
insensitive  to  beam  alignment  and,  assuming  similar  detectors,  is  automatically 
corrected  for  system  spectral  response.  Signal-to-noise  ratio  is  also  improved, 
though  not  to  the  extent  observed  for  cold  gases  because  of  shot  noise. 

The  normalization  also  permits  precise  CARS  intensity  measurements:  we  observed 
better  than  5%  long-term  repeatability  in  our  flame  data.  This  reproducibility  is 
due  in  part  to  inherent  corrections  for  laser  power  and  alignment  drift  provided  by 
the  normalization.  Since  the  reference  signal  is  generated  by  the  sample  rather  than 
an  external  medium,  corrections  for  minor  beam  steering,  defocusing,  and  attenuation 
induced  by  the  combustion  environment  are  also  automatically  included.  However,  as 
shown  by  our  results,  the  accuracy  of  the  technique  is  currently  determined  more  by 
systematic  errors  rather  than  experimental  precision.  That  is,  concentration 
accuracy  is  largely  determined  by  that  of  the  resonant  and  nonresonant  susceptibility 
models,  since  no  adjustable  parameters  were  used.  Accuracy  approaching  5%  of  the 
measured  concentration  can  probably  be  achieved  through  refinements  of  the  spectral 
models  or  through  experimental  calibration  in  well-characterized  samples. 

The  background  normalization  method  has  two  main  limitations.  Since  the  use  of 
narrowband  lasers  requires  scanning  of  spectra,  measurements  are  restricted  to 
steady-state  or  highly  reproducible  combustion  processes.  Broadband  implementations 
are  not  practical  with  this  technique  because  of  signal  loss  accompanying  the  use  of 
polarization  analysis.  (An  exception  may  be  measurements  in  high-density  gases.) 
Second,  because  concentrations  are  based  on  knowledge  of  the  nonresonant 
susceptibility,  uncertainty  is  introduced  when  this  parameter  is  not  accurately 
known.  However,  the  same  is  true  of  concent rat ion  measurements  based  on  CARS 
spectral  shapes.  One  solution  is  to  measure  independently  the  nonresonant 
susceptibility,  as  in  this  work.  Or,  if  major  species  are  known,  this  susceptibility 
can  be  calculated  from  mixture-weighted  theoretical  values.  For  single-pulse 
measurements  in  fluctuating  systems,  neither  approach  may  be  practical.  In  this 
case,  less  accurate  normalization  by  externally  generated  signals  may  be  the  only 
recourse . 

Our  results  obtained  with  single-mode  lasers  demonstrate  that  high-resolution 
CARS  is  a  viable  technique  for  spectroscopic  investigations  of  many  species  important 
in  combustion.  Raman  linewidth  measurements  of  CO  in  a  flame  were  found  to  be 
consistent  with  infrared  linewidths  reported  by  others.  N2  O-branch  linewidths  and 
frequencies  were  also  measured  and  found  to  produce  improved  agreement  between 
experimental  and  theoretical  spectra  of  CO  in  flames.  It  appears  that  high- 
resolution  CARS  can  provide  greater  accuracy  in  concentration  measurements,  compared 
to  conventional  CARS  experiments,  due  to  a  reduced  uncertainty  in  the  Raman 
linewidths. 

As  a  spectroscopic  tool,  CARS  offers  some  advantages-over  IRS:  sensitivity 
appears  to  be  higher,  and  nonresonant  susceptibilities  can  be  measured  directly. 
However,  interferences  among  transitions  and  coherent  backgrounds  in  CARS  spectra 
tend  to  complicate  the  analysis  of  linewidths  and  transition  frequencies.  In 
addition,  CARS  requires  two  pulsed  high-resolution  lasers  rather  than  one  pulsed  and 
one  cw  laser.  We  are  currently  working  to  extend  the  continous  scanning  range  of 
this  experiment  and  are  planning  further  investigations  of  CO  and  other  combustion- 
related  species. 
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DISCUSSION 


R.B.Prke,  UK 

Does  the  use  of  the  “in-situ"  normalisation  technique  you  have  discussed  become  feasible  for  broadband  CARS  at  high 
pressures  representative  of  gas  turbine  combustors  or  I C  engines? 

Author's  Reply 

Yes,  in  fact  we  have  applied  the  in-situ  referencing  technique  to  an  1  C  engine  at  Sandia.  The  largest  obstacle  to 
overcome  is  insufficient  signal  from  the  sample  nonresonant  background.  Depending  on  the  conditions  of  the 
application,  i.e.  pressure  and  temperature,  enough  signal  might  be  obtained  to  permit  broadband  measurements. 

D.A.Greenhalgh,  UK 

What  strategies  would  you  recommend  for  measuring 

(i)  CO  concentration 
and 

(ii)  hydrocarbon  concentrations? 

Are  there  any  particular  problems  to  be  overcome? 

Author's  Reply 

CO  concentration  measurements  have  been  demonstrated  using  a  number  of  different  CARS  techniques.  The  selection 
of  technique  depends  on  experimental  conditions  and  the  measurement  requirements  (e.g.  spatial  and  temporal 
resolution  required,  signal  strengths  expected). 

Hydrocarbon  species  measurements  pose  special  problems  due  to  the  spectroscopic  complexity  associated  with  large 
polyatomic  molecules.  Assuming  lack  of  existing  CARS  spectral  models,  an  initial  approach  might  be  to  use  library 
spectra  measured  in  controlled  samples.  The  use  of  a  low-spectral  resolution  experiment  might  be  considered  in  order 
to  simplify  data  fitting.  Another  consideration  arises  from  the  large  nonresonant  susceptibilities  of  hydrocarbon  species. 
When  measuring  concentrations  by  referencing  to  the  sample  nonresonanl  background,  the  larger  background 
contribution  of  the  resonant  species  may  not  be  negligible. 
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1.0  SUMMARY  t  :L.  ■. 

In  this  paper  we  describe  'the  design  and  operation  of  a  CARS  spectrometer  and 
1 1 8  use  to  perform  accurate  temperature  measurements  in  a  simple  laboratory  flat-flame 
burner.  Instrumental  sources  of  systematic  error  and  noise  in  CARS  temperature 
measurements  are  discussed.  An  analysis  of  the  system  noise  is  presented  and  the  use  of 
the  measured  noise  to  perform  weighted  least  mean  squares  fits  of  experimental  and 
theoretical  CARS  spectra  Is  discussed.  The  use  of  a  weighted  fit  is  shown  to  markedly 
Improve  the  precision  of  single  pulse  CARS  temperature  measurements.  Finally,  the  ■ 
Incorporation  of  some  recent  advances  in  CARS  theory  which  have  resulted  in  more 
computationally  efficient  algorithms  for  calculating  theoretical  CARS  spectra  and  their 
effect  on  the  accuracy  of  temperature  measurements  are  discussed. 

2.0  INTRODUCTION 


A  program  was  initiated  at  the  Defence  Research  Establishment  Ottawa  (DREO)  to 
develop  optical  diagnostics  that  could  be  applied  to  diesel  engine  combustion  research. 
As  part  of  this  program  a  coherent  anti-Stokes  Raman  spectroscopy  (CARS)  system  was 
constructed.  This  program  has  very  recently  been  transferred  to  the  National  Research 
Council’s  Qas  Dynamics  Laboratory  with  a  shift  in  emphasis  to  continuous  combustion 
research  related  to  gas  turbines. 

The  theory  and  application  of  CARS  are  described  In  a  number  of  recent  review 
articles1-4.  CARS  is  a  technique  which  is  receiving  much  attention  because  of  its 
capability  for  providing  remote,  in-sltu  measurements  of  major  species  concentration  and 
temperature  with  good  spatial  and  temporal  resolution  in  practical  combustion 
environments.  Single  pulse  CARS  measurements  are  possible5  if  a  broadband  dye  laser  is 
used  to  generate  the  Stokes  laser  frequencies.  Temperature  measurements  can  be  derived 
from  the  spectral  shape  of  CARS  signals  (e.g.,  nitrogen  spectra)  by  fitting  them  to 
calculated  theoretical  spectra  whose  temperatures  are  systematically  varied  in  order  to 
obtain  a  best  fit. 

Although  CARS  temperature  measurements  have  successfully  been  demonstrated  in 
simulated  gas  turbine  environments6”9,  and  afterburning  Jet  engines10,  further  work  is 
required  to  improve  the  accuracy  and  precision  of  CARS  thermometry.  It  is  important  to 
improve  the  single  shot  precision  in  order  to  reduce  the  Instrumental  contribution  to 
measured  histograms  such  as  those  reported  in  reference  9. 

The  sources  of  error  and  noise  can  be  broadly  classified  as:  Instrumental, 
theoretical,  or  a  result  from  perturbations  due  to  the  medium  being  probed.  Since  most 
of  our  CARS  temperature  measurements  have  been  performed  in  a  flat-flame  burner  the 
effects  of  the  medium  in,  for  example,  deflecting  or  defocuslng  the  laser  beams  are 
negligible.  In  this  paper  we  discuss  various  instrumental  and  theoretical  sources  of 
error  and  noise  we  have  encountered  and  techniques  for  their  amelioration. 

We  discuss  instrumental  effects  such  as  detector  nonlinearity11  and  the  effect 
of  single-mode  or  multimode  operation  of  the  pump  laser  on  the  CARS  spectral  noise12. 
Measurements  of  detector  noise  and  noise  due  to  the  pulse-to-pulse  variability  of  the 
CARS  signal  are  presented.  The  use  of  these  measured  noise  variances  as  weighting 
parameters  in  a  weighted  least  mean  squares  fit  of  experimental  and  theoretical  CARS 
spectra  is  described.  The  noise  and  precision  of  single  pulse  CARS  measurements  is 
examined  using  both  nonresonant  CARS  spectra  and  resonant  Na  spectra  recorded  in  a 
flat-flame  burner  which  was  previously  calibrated  using  the  Na  line  reversal  technique. 

Recent  advances  in  CARS  theory  have  modified  the  original  approach  which  was 
based  on  Isolated  spectral  lines  and  a  convolution  integral1*  which  neglected 
"cross-coherence"  terms  in  the  pump  laser  convolution14*15.  At  higher  pressures  it  is 
necessary  to  account  for  colllslonal  effects  which  result  in  the  initial  broadening  and 
overlap  of  individual  lines  and  eventually  to  line  mixing  and  colllslonal  narrowing. 
Under  these  conditions,  a  knowledge  of  the  state-to-state  relaxation  rates  and  the 
inversion  of  the  "0-oat rlx"  is  required 

We  have  Included  the  coherence  effect  due  to  a  finite  Gaussian  pump  laser 
spectral  bandwidth17  and  the  colllslonal  narrowing  approach  of  Koszykowski  et  al 11  in 
our  code,  and  compare  the  temperatures  derived  with  and  without  these  modifications. 
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3« 0  CARS  Spectrometer  and  Data  Acquisition  System 

A  scale  diagram  of  the  CARS  layout  is  shown  In  Pig.  1.  The  pump  laser  Is  a 
frequency-doubled  Nd:YAG  (Quanta  Ray  DCR  1A)  operating  at  10  Hz  with  the  electronic  line 
narrowing  ( ELN-2)  option.  After  the  main  doubler,  the  pump  beam  ( «p)  la  split  off  from 
the  residual  1.06  m  radiation,  which  Is  sent  to  a  second  frequency  doubler.  The  output 
of  this  second  doubler  is  used  to  pump  the  dye  laser  oscillator  (»8).  The  amplifier 
portion  of  the  dye  laser  Is  pumped  by  a  portion  ( 30S)  of  the  main  beam  split  off  by  a 
beam  splitter.  * 

The  oscillator  dye  cell  is  an  AR-coated  quartz  cuvette  ( 10  mm  wide  by  17-5  mm 
high)  which  Is  rotated  10°  to  avoid  optical  feedback.  The  pump  beam  is  focused  into  the 
dye  cell  by  a  750  mm  focal  length  lens  with  the  dye  cell  ~  170  mm  from  the  focus.  The 
pump  beam  size  in  the  dye  cell  is  ~  1.5  and  pump  beam  axis  is  7°  from  the  dye 
oscillator  lasing  axis.  A  quartz  plate  at  the  Brewster  angle  or  a  calcite  polarizer  in 
the  dye  oscillator  cavity  ensures  that  the  dye  output  is  suitably  polarized. 

Originally  the  centre  wavelength  of  the  dye  laser  was  tuned  by  varying  the  dye 
concentration  which  is  typically  2.6  X  10~**  M  rhodamine  640.  A  more  convenient  method 
was  to  Insert  a  bandpass  filter  in  the  dye  cavity  [centred  at  610  nm  with  a  width  (PWHM) 
of  9.5  nm].  The  filter  is  typically  set  at  20°  to  obtain  a  centre  wavelength  of  606  nm 
for  N j  CARS.  The  filter  reduces  the  dye  laser  bandwidth  from  150  to  70  cm”1  (PWHM). 

The  pumping  geometry  of  the  dye  amplifier  is  essentially  identical  to  that  of 
the  oscillator.  The  dye  amplifier  cuvette  is  17  mm  wide  and  21  nan  high  and  a  rhodamine 

640  concentration  of  1.06  X  10”**  M  is  used.  The  dye  solutions  are  circulated  with 

linear  flow  rates  of  10  cm/ sec  (oscillator)  and  4.5  cm/sec  (amplifier). 

Galilean  telescopes  are  Incorporated  into  the  pump  and  Stokes  beams  to  control 
beam  diameter  and  focal  spot  location.  The  telescopes  provide  beam  magnification  of 
1.9*  The  two  beams  were  combined  colllnearly  with  a  dichrolc  mirror  and  focused  with  a 
203  mm  focal  length  lens.  Typically  30-40  mJ  of  pump  radiation  and  10  mJ  of  Stokes 
radiation  were  used.  The  3-D  phase  matching  technique19  employed,  called  USED  CARS10, 
Involves  passing  the  utg  Stokes  beam  coaxially  through  the  annular  Wp  pump  beam.  The  w 

and  Wg  beams  and  the  resulting  CARS  ( u»a^  beam  are  recolllraated  and  low  pass  filters  arfe 

used  to  reflect  the  now  unwanted  pump  and  Stokes  radiation.  A  beam  splitter  directs 
pa -t  of  the  CARS  signal  to  a  photomultiplier  tube  connected  to  an  EG&G  model  162  boxcar 
integrator.  The  boxcar  signal  gives  a  time-averaged  measure  (time  constant  5  sec)  of 
the  undispersed  CARS  signal.  The  remaining  CARS  radiation  is  focused  on  the  entrance 
slit  of  a  spectrometer  utilizing  a  single  concave  holographic  diffraction  grating 
(American  Holographies).  This  grating  disperses  the  CARS  radiation  across  the  face  of  a 
Tracor  Northern  1024-element  intensified  diode  array  rapid  scan  detector  (IDARSS 
TN-6132).  The  1.6  m  spectrometer  has  a  reciprocal  linear  dispersion  of  2.24  A/mm 
corresponding  to  0.25  cm_1/diode. 

Nonresonant  CARS  spectra  were  recorded  by  placing  a  carbon  dioxide  filled  cell 
at  the  focal  volume.  In  order  to  provide  sufficient  CARS  signal  to  overcome  the  shot 
noise  of  the  detector,  it  vjas  sometimes  necessary  to  pressurize  the  cell  to  3  atm11. 

It  is  necessary  to  correct  the  CARS  signals  by  subtracting  a  background  which 
results  from  detector  dark  current,  detector  fixed  pattern  noise,  and  a  small  signal  due 
to  scattered  532  nm  radiation.  This  background  signal  is  obtained  by  acquiring  spectra 
while  blocking  the  Stokes  laser. 

Single  longitudinal  mode  operation  of  the  Quanta  Ray  DCR  1A  is  achieved  using 
the  electronic  line  narrowing  (ELN-2)  device.  The  ELN-2  controls  the  oscillator  to 
maintain  a  low  gain  for  a  time  sufficient  to  achieve  narrow  llnewidth.  The  laser  is 
then  rapidly  Q-switched  to  provide  maximum  gain  producing  a  pulse  of  high  spectral 
purity.  With  careful  adjustment  of  the  Q-switch  bias  and  the  lntracavlty  etalon,  -50)1 
of  the  pulses  are  single-mode  and  exhibit  the  smooth  temporal  profile  indicative  of  the 
absence  of  mode  beating.  In  normal  operation  without  the  ELN-2,  the  stated  bandwidth  of 
the  pump  laser  is  <0.4  cm-1. 

Single  longitudinal  mode  ( single-mode)  data  were  obtained  by  using  the 
"smooth"  output  signal  from  the  ELN-2  as  the  spectrometer  trigger  input  on  the  Tracor 
Northern  TN1710  optical  multichannel  analyzer  (OMA).  Multiple  longitudinal  mode 
(multimode)  data  were  obtained  by  triggering  the  OMA  from  the  external  timing  circuits. 

i  The  spectral  width  of  the  pump  laser  was  measured  with  two  Fabry-Perot  etalons 

with  0.27  cm-1  and  1.7  cm- 1  free  spectral  range,  respectively.  An  unintensified 
*  photodiode  array  was  used  to  display  the  Interference  fringes  from  a  single  laser  pulse. 

The  measured  average  spectral  widths  (FWHM)  when  operating  the  laser  single-mode, 
multimode  (etalon  In  YAG  cavity),  and  multimode  (no  etalon  in  YAG  cavity)  were  0.016  * 
.001  cm”1,  .10  *  .01  cm-1,  and  .69  ±  .03  cm”1  respectively.  The  single-mode  width 
probably  represents  the  resolution  of  the  0.27  cm”1  etalon. 


In  order  to  remove  the  small  residual  signals  remaining  on  the  detector  due  to 
image  lag,  it  was  necessary  to  perform  two  "cleansing  scans"  of  the  detector  between 
each  laser  pulse20.  When  the  detector  was  read  60  ms  after  exposure  (see  Fig.  2).  the 
residual  signal  (as  registered  by  the  first  "cleansing  scan")  was  determined  to  be  0.25% 
SL*-.  lg?nal  al8nJ1*  No  residual  signal  was  detected  by  the  second  "cleansing  scan". 
The  cleansing  scans  were  Initiated  by  the  external  read  signal  from  the  external 
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timing  circuits  triggering  the  OMA  to  read  but  not  store  the  diode  intensities.  The 
laser  pulse  and  signal  integration  began  Immediately  after  completion  of  the  "cleansing 
scans".  The  entire  cycle  was  completed  within  100  ms  for  10  Hz  operation. 

The  acquisition  and  storage  of  1  ..24-eleraent  spectra  at  a  10  Hz  rate  was 
accomplished  through  a  complex  hardware  and  software  interfacing  procedure,  shown 
conceptually  in  Pig.  3.  As  each  spectrum  was  collected  by  the  OMA,  a  previous  one  was 
transferred  to  the  DEC  VAX  11/730  via  the  parallel  long-line  drivers,  where  it  was 
checked  for  saturation  or  transmission  errors.  The  data  was  transmitted  and  temporarily 
stored  in  binary  form  in  order  to  increase  speed  and  reduce  storage.  Upon  completion  of 
a  collection  run,  the  data  was  treated  by  post-processing  software  on  the  VAX.  This 
included  multiplication  by  8  (to  retain  accuracy  during  later  manipulation  of  the  data), 
subtraction  of  the  background  spectrum,  division  by  the  nonresonant  spectrum  (to  correct 
for  diode  to  diode  sensitivity  variations  and  the  spectral  variations  due  to  the  dye 
laser,  spectrometer,  etc.),  calculation  of  the  average  s'pecorum  for  the  collection,  and 
permanent  storage  of  these  treated  spectra  in  binary  form  (2k  bytes  per  spectrum).  A 
typical  multimode  unreferenced  hot  flame  spectrum  and  the  associated  nonresonant 
reference  are  shown  in  Pig.  4.  The  effect  of  division  by  the  nonresonant  reference  on 
an  averaged  hot  flame  spec‘-rum  is  illustrated  in  Fig.  5,  showing  the  resultant 
calibrated  spectrum.  Averaged  (100  to  400  pulses)  background  and  nonresonant  reference 
spectra  were  recorded  at  the  beginning  and  end  of  each  data  acquisition  period. 

The  burner  in  Pig.  6  was  designed  to  have  a  premixed,  well  controlled, 
constant  temperature,  stabilized  flat-flame  2 1 » 22.  The  flame  front  established  itself  in 
a  equilibrium  position  a  short  distance  from  the  burner  surface,  where  the  heat  loss  to 
the  water-cooled  burner  reduced  the  flame  speed  to  the  mixture  stream  velocity.  The 
region  probed  was  the  flame  from  the  Inner  combustion  zone.  The  outer  combustion  zone 
protects  the  flame  from  large  temperature  gradients.  The  sheath  of  inert  gas  further 
protects  the  flame  from  atmospheric  effects.  Temperature  calibration  of  the  burner  was 
performed  using  the  sodium  line-reversal  technique22.  The  burner  was  operated  with  a 
hydrogen/ air  flame  at  an  equivalence  ratio  of  0.574  and  C02  as  the  sheath  gas.  The 
linear  flow  velocity  was  approximately  30  cm/s.  The  burner  was  also  run  with  a 
stoichiometric  methane/alr  flame.  It  was  calibrated  at  1600  K  and  2000  K. 

4.0  Theory  and  CARS  Data  Reduction 

The  theory  of  CARS  has  been  dealt  with  extensively  l~k *  23~ 2S.  In  brief,  CARS 
is  a  nonlinear  optical  phenomenon  involving  three  wave  mixing.  When  two  laser  beams  of 
frequencies  «  and  u»a  Interact  in  a  medium,  three  wave  mixing  produces  a  resultant 
coherent  beanrwith  frequency  o>as  and  this  is  the  CARS  beam.  The  mixing  occurs  for  all 
samples  but  the  CARS  signal  is  greatly  enhanced  when  u>p-a>8  approaches  a  Raman  frequency 
of  the  medium.  v 

The  Interaction  of  the  laser  radiation  with  the  medium  occurs  through  the 
third  order  nonlinear  electric  susceptibility  denoted  by  3  •  This  gives  rise  to  an 
induced  polarization  field  which  acts  as  the  source  term  in  Maxwell's  wave  equation.  On 
solving  the  wave  equation  one  gets,  for  monochromatic  input  waves,  the  intensity  of  the 
CARS  signal  as 


K“aa>~  i8Ix(3,I2  (l) 

where  Ip,  Is,  and  I ( <*>aa)  represent  the  pump,  Stokes,  and  CARS  Intensities  respectively. 
X(3)  has  resonant  x^  and  nonresonant  xN^  contributions: 


x(  3)  ,  XNR  +  XR 


(2) 


The  nonresonant  susceptibility  x^  is  real  and  proportional  to  the  number 
density.  Raman  active  modes  involved  in  the  CARS  spectra  of  combustion  processes  are 
strongly  polarized  vibration  rotation  transitions.  It  is  considered  sufficiently 
accurate  to  restrict  calculations  to  the  Q-branch.  The  widths  of  these  Raman  lines  are 
functions  of  pressure,  temperature  and  rotational  quantum  number26.  When  pressure 
Increases  the  lines  broaden  and  may  overlap;  at  higher  pressures,  when  there  Is 
sufficient  interference  between  adjacent  transitions,  collisions!  narrowing  occurs 27> 28 
and  the  system  relaxes  according  to  the  density  matrix  equation.  Hall  has  applied  the 
density  matrix  formalism  to  the  CARS  proceas  and  arrived  at  the  following  expression  for 
the  resonant  susceptibility23. 


*R  -  UJH  I  l  H  (3) 

where  N  is  the  number  density,  and  a.  are  the  polarizability  matrix  elements,  Ap  is 
the  population  factor,  and  t,s  denote  tne  combined  vibration  and  rotation  quantum 
numbers.  The  elements  of  the  0-matrix  in  equation  3  are  given  by 

°ts  "  ^•p-'S-^t)  6ts  *  rt/2  4ts  +  Yts  U-«ts>  W 

where  e^,  and  m.  denote  the  pump,  Stokes  and  Raman  frequencies  respectively,  rt  is 
the  Isolated  line  width  and  y^b  are  off  diagonal  matrix  elements  of  the  relaxation 
rate  matrix  0.  In  equation  4,  are  assumed  to  be  real  and  line  shifts  are  neglected 
Koazykowskl  et  al18  have  shown  that  by  using  an  efficient  algorlttm  equation  3  may  be 
reduced  to 
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V-  4  +  “j" 
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where  X.  *  X«'  +  X."  is  the  complex  eigenvalue  of  the  G-matrlx,  6  is  the  detuning,  and  a« 
is  in  general  a  complex  weight  factor.  At  low  pressures  one  may  neglect  the  overlap 
between  lines  and  set  Ytato  then  X . •  approaches  the  Raman  frequency  u« ;  X." 
approaches  fj,  the  Raman  line  width;  and  xw  reduces  to 
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This  la  the  isolated  line  approximation.  The  Raman  cross-section  can  be  expressed  as 
follows  for  the  Q-branch: 

[  .2  *-1-  b4  y2]  [v  +  1]  (7) 

where  M  is  the  reduced  mass,  is  the  angular  frequency  of  the  molecular  oscillator,  b4 
are  the  Placzek-Teller  coefficients,  a  is  the  derivative  of  the  mean  molecular 
polarizability  with  respect  to  inter-nuclear  distance,  y  is  the  similar  derivative  of 
anisotropy  and  v  is  the  vibrational  quantum  number  of  the  initial  level. 
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Knowing  x**  and  x^^>  equation  1  can  be  directly  used  to  get  the  CARS  spectrum 
for  monochromatic  laser  beams.  The  effect  of  laser  bandwldths  on  theoretical  CARS 
spectra  is  treated  extensively  by  Yuratich13.  In  a  "standard"  method  widely  used  in 
CARS  theory,  the  final  CARS  intensities  are  obtained  by  a  simple  convolution  of 
|x(3)|2  with  the  pump  and  Stokes  spectral  profiles20*30*31.  This  approach  Ignores  the 
cross  terms  that  arise  from  the  coherence  between  the  polarization  components  in  which 
the  roles  of  the  driving  and  scattered  pump  photons  are  exchanged.  In  this 
approximation,  when  the  pump  width  is  very  small  and  the  Stokes  width  is  much  greater, 
the  CARS  intensity  may  be  expressed  as 


IC“aa>  ~  Ip  I  V“pC0)-  «>  Ip  (»tt8-«)lx(3)(4>|2  d4 
where  is  the  centre  frequency  of  the  pump. 

A  computer  program  based  on  equation  8  and  the  isolated  line  approximation 32 
was  kindly  provided  by  the  United  Technologies  Research  Centre,  USA  (UTRC).  Theoretical 
spectra  were  generated  with  a  modified  version  of  this  program.  Since  the  experimental 
spectra  were  ratloed  with  a  nonresonant  CARS  spectrum,  the  convolution  over  dye  profile 
was  eliminated.  Storing  the  pump  exponents  once  calculated  and  reusing  them  helped 
reduce  the  convolution  cpu  time.  All  the  computations  were  done  with  the  DEC  VAX  11/730 
computer. 


The  CARS  spectrum  thus  generated  was  then  convolved  with  a  Voigt  instrumental 
(slit)  function.  Since  an  exact  Voigt  is  rather  too  complicated,  an  approximate 
expression  due  to  Whiting33  was  used.  This  approximation  (eqn.  5  of  Ref.  33)  is 
expressed  in  terms  of  a  Voigt  width  wy  and  a  Lorentz  width  wL  related  to  the  Qausslan 
width  Wq  as  follows: 


WV 


(9) 


An  asymmetric  Voigt  -1th  different  values  of  wy  and  w^  on  the  higher  and  lower  cm-1 
sides  was  found  to  te  suitable. 


Initially  the  Voigt  parameters  were  obtained  from  roo"i  temperature  (RT)  CARS 
spectra  of  N2.  Theoretical  RT  spectra  of  N2  were  convolved  wltu  a  Voigt  of  trial 
parameters  and  compared  with  experimental  spectra.  Best  fit  values  of  wy  and  wr  were 
obtained  with  a  nonlinear  least  mean  squares  fitting  program  based  on  the  well  known 
Qauss-Newton  algorithm  as  adapted  by  Kim3*1. 

The  Voigt  function  determined  from  several  RT  N,  spectra  was  used  for 
convolution  with  theoretical  spectra  at  temperatures  ranging  from  300  K  to  2700  K.  A 
fitting  program  similar  to  the  one  used  for  the  slit  function  calculation  was  then 
k  employed  to  fit  hot  theoretical  spectra  with  experimental  spectra  and  best  fit  values  of 

temperatures  were  determined.  In  this  procedure,  temperature  and  frequency  shift 
between  theory  and  experiment  were  used  as  fit  parameters.  It  is  too  time  consuming  to 
generate  the  theoretical  spectra  for  each  iteration  and  therefore  a  library  of  spectra 
calculated  at  50  K  Intervals  was  used.  These  spectra  were  interpolated  for  intermediate 
temperatures. 

The  flame  temperatures  thus  determined  were  somewhat  sensitive  to  the  Voigt 
slit  parameters.  Hence  attempts  were  made  to  obtain  the  four  Voigt  parameters,  as  well 
as  temperature  and  frequency  with  a  six  parameter  fitting  scheme.  The  results  of  these 
fits  are  presented  in  a  later  section. 
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Input  Variables 

The  variables  that  determine  the  theoretloal  OARS  spectrum  of  a  molecule  are: 
the  spectroscopic  constants,  the  Raman  line  width  r , ,  the  concentration,  temperature  T, 
pressure  P,  nonresonant  susceptibility  x"H,  the  Ram&n  cross-eectlon  do/dd,  the  pump 
laser  frequency  and  bandwidth  sa_,  and  the  statistical  weight  factors.  The  term 

de/dQ  was  calculated  for  every  level  from  the  molecular  polarizability  parameters.  The 
constants  a  and  r  were  calculated  from  Penney35.  Corrections  to  x"  due  to  anharmoniclty 
and  centrifugal  distortions  were  computed  with  the  results  of  Bouanlch  and  Brodbeck  . 
The  spectroscopic  constants  were  from  Sandla37.  For  the  Isolated  lines  the  width  was 
calculated  according  to  Hall3*.  There  has  been  considerable  uncertainty  In  the  scaling 
of  the  x""of  diatomic  molecules.  Rosasco  et  al39  and  Lundeen*"  review  the  various 
measurements.  For  N,  we  have  used  the  value  of  8.31  *  10“ 18  cm3/ erg,  which  le  the 
average  of  that  quoted  by  Rosasco  and  that  reported  by  Farrow"3.  The  /“'values  for  02 
and  Ar  that  are  needed  for  the  H-/air  flame  were  also  from  ref.  39.  For  HjO  the 
used  was  18.29  x  10-1‘  cm9/erg"3.  Purther  details  of  CARS  input  variables  are  described 
In  ref.  42.  AH  the  theoretical  spectra  were  generated  at  one  atmosphere  pressure. 


Colllslonal  Narrowing 

It  Is  now  accepted  that18,  while  colllslonal  narrowing  of  Raman  lines  cannot 
be  neglected  for  CARS  spectra  at  high  pressures,  it  can  become  significant  even  at 
atmospheric  pressures.  To  test  this  effect  a  library  of  theoretical  spectra  with 
colllslonal  narrowing  was  also  generated.  These  calculations  were  based  on  eqns.  5 
and  8.  The  off  diagonal  line  matrix  elements  vts  of  the  relaxation  rate  matrix  were 
obtained  with  an  exponential  gap  law38  model. 


Cross-Coherence  Effects 

Teets35  and  Kataoka3"  have  observed  that  neglecting  the  cross-coherence  termB 
that  arise  In  the  laser  convolution  of  CARS  Intensities  can  lead  to  temperature  errors, 
especially  when  the  pump  bandwidth  Is  comparable  to  the  Raman  line  width  and  the 
nonresonant  contribution  competes  with  the  resonant  signal.  Including  this  effect  the 
CARS  Intensity  may  be  written  (not  Including  dye  convolution)  as 


Ias<*as)  *  xfe  <K>  *  2XNR<ReXR(“as-“'» 

+  -^-<)*R<“as-,“,>!2>+  '|-<XR(“as-"’>XR(“aa-“")>  <10) 


where 


<F>  -  /d«'Ip<«')/d»"Ip(  *>")*(•',»")  (11) 

Normally  the  fourth  term  In  equation  10  la  difficult  to  evaluate  because  of  the  double 
Integral.  However  analytical  closed  form  expressions  for  this  problem  have  been  derived 
by  Teets35  for  Lorentzlan  pump  profile  and  by  Oreenhalgh  and  Hall37  for  Gaussian  pumps. 
For  the  latter  case  the  fourth  term  I3003  may  be  given  In  terras  of  an  error  function 
W(Zj>. 

lls°0)<“as>  -  <12> 

where  cc  refers  to  cross-coherence,  Ai,  Is  the  pump  width  and  Z,  Is  a  complex  argument 
given  below: 


.  da, 

3  5“p 

Presently  we  have  Included  this  term  In  the  CARS  program  with  the  colllslonal  narrowing 
corrections.  The  complex  error  functions  were  generated  with  an  efficient  algorithm  by 
Hul  et  al"3.  With  this  technique  the  cross  coherence  terms  required  very  little 
additional  computer  time. 


Results  obtained  from  the  three  theoretical  models  viz:  Isolated  line 
approximation  colllslonal  narrowing,  and  the  latter  with  accurate  laser  convolution 
Including  cross-coherence  effects  will  be  compared  with  experimental  CARS  spectra  In  a 
later  section. 


5.0  Detector  Honllnearltles 


The  problem  of  detector  nonlinearity 1 1, 20, **  was  encountered  In  making 
temperature  measurements  In  a  flat-flame  burner.  The  burner  wae  fueled  with  a  10.5)1  CH* 
In  air  mixture,  at  a  linear  (cold)  flow  velocity  of  28.5  cm/ sec,  and  the  Na 
line-reversal  temperature  10  nm  above  the  burner  centre  was  2060  K.  CARS  temperatures 
In  this  burner  ranged  from  2050  to  2500  K.  Since  some  of  these  temperatures  were 
significantly  higher  than  even  the  adiabatic  flame  temperature  (2195  K)  It  was  clear 
that  a  source  of  error  existed  In  the  CARS  measurements. 
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The  main  source  of  error  was  Identified  as  nonlinearity  in  the  intensified 
optical  multichannel  detector.  Provided  the  output  of  the  individual  detector  diodes 
was  confined  to  the  lower  third  of  the  A-D  converter  (i.e.,  1500  counts  out  of  a  maximum 
4096  counts  per  diode),  the  temperatures  obtained  were  in  the  2050-2200  K  range.  As  the 
signals  approached  the  maximum  allowed  by  the  A-D  converter.  Increasingly  higher 
temperatures  were  obtained. 

The  detector  nonlinearity  was  evaluated,  using  resonant  room  temperature  N2 
CARS  spectra,  by  placing  calibrated  neutral  density  filters  in  the  CARS  beam.  The 
boxcar  signal  was  also  attenuated  by  the  neutral  density  filters  and  thus  provided  an 
additional  signal  against  which  the  IDARSS  output  could  be  evaluated. 

The  large  shot-to-shot  variability  of  CARS  signals  (a  standard  deviation  of 
±30*  is  typical)  required  that  data  averaging  be  used  to  establish  the  linearity.  Thus 
for  each  measurement  100  single  pulse  nitrogen  spectra  were  accumulated  to  reduce  this 
variability.  To  quantify  the  linearity,  the  intensity  had  to  be  varied  from  zero  to  the 
maximum  output  of  the  detector.  To  have  an  average  signal  which  approached  this  maximum 
output  (4096  counts/diode)  some  of  the  spectra  included  in  the  average  had  intensity 
levels  that  exceeded  the  maximum  capability  of  the  A-D  converter.  To  correct  for  this 
effect,  100  room  temperature  nitrogen  CARS  spectra  were  recorded  at  low  intensity  (<1000 
counts).  The  distribution  of  peak  counts  was  scaled  by  a  fixed  multiplier  and 
distribution  averages  were  calculated  with  and  without  a  4096  count  limit.  The 
difference  between  these  two  averages  then  represents  the  correction  due  to  A-D  cutoff 
and  this  was  used  to  correct  the  observed  data. 

An  example  of  the  data,  including  this  correction,  is  shown  in  Pig.  7  where 
the  observed  counts/diode  (for  the  peak  of  the  room  temperature  N2  spectra)  is  plotted 
against  filter  transmission  and  boxcar  signal.  The  curves  representing  the  best  fit  to 
the  corrected  data  are  described  below. 

If  a  significant  nonlinearity  exists,  a  fit  of  the  data  to  an  equation  of  the 
form  C  *  aX  +  bX2  (where  C  is  the  number  of  counts  and  X  is  the  relative  intensity,  l.e. 
filter  transmission  or  boxcar  signal)  should  produce  a  significant  nonlinear  b  terra.  A 
linear  regression  line  for  C/X  against  X  was  calculated  for  each  set  of  data  and  values 
of  the  a  and  b  coefficients  and  their  standard  deviation  were  obtained.  (A  similar 
linear  regression  analysis  of  the  boxcar  signal  against  the  filter  transmission  was 
linear,  l.e.,  no  statistically  significant  value  of  b  was  obtained  as  expected.)  The 
only  exception  to  this  was  when  the  CARS  intensity  drifted  during  the  course  of  the 
experiment  as  evidenced  by  a  change  in  the  signal  level  with  no  filter  in  place  before 
and  after  the  experiment. 

Since  the  boxcar  signal  was  in  arbitrary  units  and  since  the  CARS  intensity 
changed  from  day  to  day,  it  was  necessary  to  normalize  all  the  data  so  that  they  could 
be  presented  on  a  common  plot.  It  was  decided  to  use  the  a  and  b  parameters  obtained 
from  the  linear  regression  analysis  to  calculate  a  value  (XJ  of  the  dependent  variable 
X  corresponding  to  1500  counts  (in  the  linear  range  of  the  detector).  The  equation  then 
takes  the  form 


C  -  a*(X/X0)  +  b  '  (X/X  q)  2  (14) 

2 

where  a  -  a'/X0  and  b  *  b'/X0.  This  normalization  permits  the  coefficients  (a',b*)  to 
be  expressed  in  normalized  coordinates  and  allows  all  the  data  to  be  presented  on  a 
common  plot  against  a  normalized  signal  level  (X/X0).  Such  a  composite  plot  is  shown  in 
Pig.  8  for  the  TN-1223-4QI  detector.  The  plots  are  for  a  CARS  image  height  (see  below) 
of  0.275  mm. 


A  final  estimate  of  the  nonlinearity  was  then  obtained  either  by  fitting  the 
data  in  the  composite  plot  or  by  averaging  the  a',b'  coefficients  obtained  from 
individual  plots.  The  results  of  these  two  procedures  were  essentially  identical  and 
the  values  listed  in  Table  I  were  obtained  by  the  first  method- 

TABLE  I 

SUMMARY  07  BEST-PIT  VALUES  FOR  TUI  COEFFICIENTS  IN 
THI  DETECTOR  RESPONSE  EQUATION  C  -  a'l  .  b'l* 


Expt. 

no. 

Image 

height 

mm® 

b* 

ob’ 

a' 

oa' 

Detector 

1 

0.203 

-235.4 

10.9 

1735.0 

23.4 

TN-1223-40I 

2 

0.275 

-151.7 

8.8 

1650.2 

19.5 

TN-1223-40I 

3 

0.521 

+2.3 

21.8 

1495.2 

29.5 

TO-1223-4GI 

4 

0.275 

+2.8 

21.9 

1496.2 

27.7 

TN-6132 

*  See  Pig.  9 
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The  Image  heights  Hated  In  Table  I  were  obtained  by  rotating  the  detector 
through  90°  about  the  optical  axis  of  the  spectrometer.  The  heights  represent  the 
equivalent  width  of  the  image  and  the  exact  profiles  are  shown  in  Pig.  9. 

In  our  spectrometer  the  CARS  image  height  can  be  varied  by  adjusting  the 
grating  to  detector  spacing.  The  aberrations  inherent  in  a  concave  diffraction  grating 
result,  at  optimum  resolution,  in  an  image  of  the  circular  CARS  input  spot  which  is 
greatly  elongated  in  the  direction  of  the  long  axis  of  the  diodes.  The  pixel  size  of 
the  diode  array  is  25  mn  by  2.5  nsn»  The  image  height  at  optimum  resolution  (0.275  nun) 
can  be  increased  to  0.521  mm  or  decreased  to  0.203  mm  by  moving  the  detector  ~  13  mm 
toward  or  away  from  the  grating.  The  effect  of  moving  from  the  point  of  optimum 
resolution  is  such  as  to  Increase  the  apparent  width  (FWHM)  of  room  temperature  N2  CARS 
spectra  from  twelve  to  sixteen  diodes. 

The  data  in  Table  I  show  that  the  TN-1223-4GI  detector  exhibits  marked 
saturation  behavior  for  the  ;,wo  smaller  image  heights  in  that  the  nonlinear  terra,  b' ,  is 
negative  and  statistically  significant.  For  the  largest  image  height  the  TN-1223-4GI 
exhibits  no  such  saturation  since  the  nonlinear  term  is  positive  and  is  not 
statistically  significant. 

The  saturation  effect  is  clearly  dependent  on  radiation  density  in  that,  as 
the  height  of  the  CARS  image  (hence  the  detector  area  illuminated)  is  Increased,  the 
nonlinear  terra  decreases.  Thus  the  nonlinearity  can  be  avoided  by  paying  appropriate 
attention  to  image  size.  This  is  consistent  with  the  observation  4  that  nonlinear 
behavior  of  a  CARS  spectrometer,  incorporating  an  EG&G  PARC  model  1420  Intensified  diode 
array  detector,  could  be  eliminated  by  interposing  a  cylindrical  lens  between  the 
grating  and  the  detector  in  order  to  selectively  defocus  the  radiation  along  the  height 
of  the  diodes. 

The  data  in  Table  I  show  that  for  an  image  height  of  0.275  mm  the  TN-6132 
behaved  linearly,  in  marked  contrast  to  the  TN-1223-4GI.  The  difference  in  behavior  can 
be  attributed  to  the  reduced  sensitivity  and  reduced  microchannel  plate  gain  of  the 
TN-6132  (see  discussion  below). 

Because  of  astigmatism  many  grating  spectrometers,  at  optimum  resolution, 
produce  an  image  which  is  elongated  in  the  direction  orthogonal  to  the  dispersion  plane. 
By  suitably  selecting  the  image  plane  this  effect  can  be  used  to  Increase  the  CARS  Image 
size  although  some  loss  of  resolution  will  result.  The  astigmatism  decreases  with 
Increasing  f-nuraber  and  the  inherent  low  angular  divergence  of  the  CARS  signal  can  lead 
to  very  tight  imaging.  Thus  it  may  also  be  beneficial  to  fill  the  field  of  view  of  the 
spectrometer. 

Por  the  two  experiments  showing  nc  significant  saturation  (Table  I,  expts.  3 
and  4)  the  effect  of  nonlinearity  was  estimated  as  follows.  The  maximum  negative  slope 
(at  90%  confidence  limit)  was  obtained  and  used  to  calculate  a  theoretical  worst  case 
saturation.  A  comparison  of  this  curve  with  a  best  linear  fit  of  the  saturation  curve 
then  yields  the  error  involved  in,  incorrectly,  assuming  linearity.  Por  the  last  two 
entries  in  Table  I  the  maximum  error  involved  in  assuming  linearity  is  <2%  over  the 
range  of  0  to  3500  counts  (l.e.,  from  0  to  85)5  of  full  scale).  To  put  this  in 

perspective  a  2%  error  in  the  ratio  of  the  2-1  and  1-0  peaks  of  N2  (see  Pig.  7) 

corresponds  to  an  error  in  the  assigned  temperature  of  13  K  at  2100  K. 

A  similar  analysis  for  the  first  two  entries  in  Table  I,  taking  b*  values  as  a 

measure  of  the  nonlinearity,  yields  errors  of  ±15%  (Table  I,  expt.  2  for  a  range  of  0  to 

3500  counts)  and  ±25%  (Table  I,  expt.  1,  for  a  range  of  0  to  3000  counts).  Reducing 
the  range  to  0  to  1500  counts  produces  errors  of  ±7%  and  ±4.5%>  respectively. 

The  nonlinear  effects  observed  with  the  TN-1223-4GI  detector  were  constant 
over  a  60-fold  change  in  the  microchannel  plate  intensifier  setting  (light  level  was 
varied  to  maintain  a  constant  output  signal).  This  suggests  that  the  saturation  is  in 
the  microchannel  plate  intensifier  or  in  the  diode  array  rather  than  the  photocathode. 
The  most  likely  explanation  appears  to  be  saturation  in  the  microchannel  plate 
intensifier. 

The  nonlinear  effects  observed  with  CARS  signals  from  the  TN-1223-40I  detector 
were  not  duplicated  when  direct  continuous  illumination  or  scattered  doubled  NdrYAG 
radiation  at  532  nra,  which  fills  the  detector,  was  substituted  for  the  CARS  radiation. 

Thus,  in  summary,  it  is  Important  to  evaluate  the  detector  nonlinearity  at  the 
appropriate  signal  level,  pulse  duration,  and  CARS  spectrometer  f-number.  The 
nonlinearity  can  be  made  negligible  by  increasing  the  image  height  on  the  detector  and 
thus  illuminating  more  of  the  2.5  mm  height  of  the  detector  pixel  size. 

6.0  Detector  Noise  and  Absolute  Sensitivity 

To  compare  detector  performance  at  constant  sensitivity  we  measured  the 
absolute  sensitivity  of  three  Tracor  Northern  Intensified  diode  array  detectors 
(IDARSS),  an  older  TN-1223-40I  and  two  newer  TN-6132* s.  A  calibrated  irradlance 
standard  was  used  to  illuminate  the  diodes  directly.  The  radiation  was  isolated  to  a  60 
nra  band  centred  at  507  nm  and  the  IDARSS  exposure  was  calculated  by  Integrating  the 
product  of  the  lamp  spectral  Irradlance  and  the  filter  transmission  over  the  bandpass  of 
the  filter.  Neutral  density  filters  were  used  to  further  limit  the  exposure  to  1.02  X 
10“ 3  iAf/cm2,  which,  for  a  0.02  sec  exposure,  corresponds  to  1.3  X  10“ 4  J/diode  or  3.2  X 
10 4  photons/diode  at  507  nra. 
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The  absolute  sensitivities  obtained  were:  for  the  two  TN-6132  detectors,  2.9 
and  3«5  photons/count  at  a  video  amplifier  setting  of  x4  and  9.5  and  11.5  photons/count 
at  a  video  amplifier  setting  of  xl;  and  for  the  TN-1223-4GI  detector,  1.3  photons/count 
(We  consistently  observed  the  video  amplifiers  of  the  TN-6132  detectors  to  have  a  gain 
of  ~  3.4. ) 


Detector  noise  was  measured  in  two  ways.  First,  under  conditions  of  constant 
illumination,  a  set  of  (typically  100)  spectra  were  acquired  and  the  mean  and  standard 
deviation  calculated  diode  by  diode.  An  average  of  these  diode  by  diode  standard 
deviations  then  gave  a  single  noise  figure  for  the  detector.  Second,  the  acquired 
spectra  were  sequentially  added  to  and  subtracted  from  memory  and  the  statistics 
calculated,  as  above,  on  the  residuals. 

The  noise  (standard  deviation)  was  /2  higher  usj.ng  the  second  method  as  would 
be  expected  from  two  statistically  uncorrelated  processes.  The  second  method  was 
preferred  for  measuring  detector  noise  as  a  function  of  light  level  since  it  placed 
fewer  demands  on  the  constancy  of  the  light  source. 

The  noise  (a  single  standard  deviation  expressed  as  a  percentage  of  the  signal 
counts)  is  shown  in  Fig.  10  as  a  function  of  light  level  for  two  different  detectors. 

The  Tracor  Northern  1710  provides  a  front  panel  control  of  intenaifier  gain  over  a  range 
of  approximately  100  and  this  wa3  used  to  vary  the  overall  sensitivity  of  the  detector. 

The  detector  shot  noise  shows  the  E” */2  dependence  expected  of  a  process  which 
obeys  Poisson  statistics.  At  very  high  intensities,  the  noise  falls  off  less  rapidly 
than  this  as  dark  current  noise  and  fixed  pattern  diode  read  noise  become  important. 

For  an  ideal  detector  exposed  to  a  signal  of  E  quanta  the  standard  deviation  associated 
with  the  signal  is  E*/2.  The  "ideal  detector"  curve  is  shown  in  Fig.  10  where  the  /2 
factor  results  from  using  the  second  method  to  obtain  the  noise  statistics.  The 
measured  noise  of  the  two  detectors  Is  between  1.5  and  2.0  times  this  quantum  limit. 

The  data  in  Fig.  10  were  recorded  over  a  range  of  lntensifier  settings.  The 
measured  signal  variance  as  a  function  of  signal  counts  at  a  fixed  lntensifier  setting 
is  shown  in  Fig.  11.  The  measured  variance  was  linear  in  signal  counts  as  expected  and 
the  intercept  corresponded  to  the  measured  detector  dark  noise.  The  noise  was  measured 
in  this  way  for  a  range  of  lntensifier  settings  in  order  to  obtain  the  coefficients  o0 
and  k  in  the  expression: 

o2  =  00  +  kC  (15) 

o0  was  largely  Independent  of  lntensifier  setting  but  k  increased  with 
increasing  sensitivity.  These  parameters  were  used  to  calculate  the  weighting 
coefficients  used  in  the  least  mean  squares  fitting  routines  described  below. 

7.0  Noise  in  CARS  Spectra 

Temperatures  are  derived  from  the  shape  of  CARS  spectra,  thus  one  source  of 
noise  is  the  pulse  to  pulse  variability  in  the  spectral  energy  profile  of  the  dye 
laser. 


Nonresonant  CARS  spectra  can  provide  a  measure  of  system  noise.  These  spectra 
are  convenient  to  record  and,  since  the  nonresonant  susceptibility  is  essentially 
Independent  of  wavelength,  they  have  a  spectral  shape  which  is  largely  determined  by  the 
broadband  dye  laser.  In  addition,  the  noise  in  the  Stokes  laser  and  the  nonresonant 
CARS  signal  can  be  readily  compared.  The  analysis  procedure  described  below  can  be 
applied  to  both  resonant  and  nonresonant  spectra. 

A  set  of  CARS  spectra  can  be  represented  by  Sjj  where 

sij  *  IijKi 

1  *  1 . .  .N  diodes 

J  *  1...M  pulses  (16) 

with  i  representing  the  diode  number  of  the  diode  array  detector  and  J  the  spectrum 
index.  Ijj  is  the  CARS  intensity  associated  with  the  diode  r umber  i  and  spectrum 
number  j  aftd  is  the  sensitivity  of  diode  i.  The  averaged  CARS  signal  (SA)  is  given 
by 

Si-  ( j  I^K^/M  (17) 

In  the  first  stage  of  the  analysis  the  individual  spectra  are  divided  by  an  average 
spectrum  to  produce  a  ratioed  CARS  signal  X^j  where 

Xlj  ■  <Slj/Sl>  ■  Oij/J  l!j)M  (18) 

The  ratioed  CARS  signal  is  now  independent  of  diode  sensitivity  and  represents  the 
shot-to-shot  variation  of  the  CARS  spectral  profile  from  an  averaged  spectrum. 
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Since  it  ia  only  the  spectral  profile  of  the  N2  CARS  signal  that  is  used  to 
deduce  temperatures,  the  absolute  magnitude  of  the  CARS  signal  is  not  important.  Thus, 
for  comparison  purposes,  we  can  normalize  the  CARS  spectra  such  that  they  have  the  same 
Integrated  X  value  over  the  spectral  region  of  interest.  If  NL  and  Nn  are  the  lower  and 
upper  diode  limits  for  the  spectral  region  of  interest,  the  norrtalizea  CARS  signal,  Yj,, 
ia  given  by 

NU 

Yu  -  xu'  U9J 

These  normalized  CARS  signals,  are  used  to  calculate  the  noise  due  to 

pulse-to-pulse  variation  in  the  spectral  profile  of  the  CARS  signal. 

The  standard  deviation  of  each  spectrum  about  the  mean  yields  a  percentage 
noise,  Nj,  which,  when  averaged  over  the  M  spectra,  gives  an  average  noise  W  and  a 
standarcr  deviation  a,  which  represents  the  shot-to-shot  variability  of  the  noise. 
Finally,  the  experiments  are  repeated  to  assess  the  day-to-day  variability.  The  average 
noise,  standard  deviation,  and  the  95 %  confidenle  limits  (using  t-test)  were  calculated 
for  the  set  of  experiments.  Thus,  there  are  two  measures  of  variability,  one 
representing  the  variation  within  a  set  of  spectra  and  the  other  representing  the 
set-to-set  variability.  In  general  we  have  found  these  two  estimates  to  be  very 
similar,  indicating  that  there  is  little  systematic  day-to-day  variation  in  the  noise. 

The  averaged  signal,  *3^ ,  for  a  set  of  sixty-four  multimode  nonresonant  CARS 
spectra  la  shown  in  Fig,  12  along  with  a  single  normalized  CARS  spectrum,  Y. , .  Much  of 
the  structure  observed  in  is  not  real  but  la  due  to  periodic  variations  ltt  diode 
sensitivity,  •  The  noise  (single  standard  deviation)  for  the  single  shot  spectrum 
of  Fig.  12  is  8.37%  and  the  average  percentage  noise  for  the  set  of  sixty-four  spectra 
is  9*56  ±  0.43  (single  standard  deviation  of  the  mean). 

From  a  detailed  analysis  of  nonresonant  CARS  spectra  we  have  shown 
previously12  that  when  a  single-mode  pump  laser  Is  used  the  CARS  noise  is  reduced  to  a 
level  exhibited  by  the  Stokes  laser  Itself  (~5%  noise  at  2.0  cm'1  resolution  for  our 
broadband  dye  laser).  The  Increased  CARS  (but  not  Stokes)  noise  observed  using 
multimode  lasers  was  attributed  to  a  spectral  dependence  of  the  Stokes  temporal  profile 
and  its  consequent  effect  on  the  temporal  overlap  of  the  CARS  beams. 

We  have  repeated  the  earlier  nonresonant  analysis  and  have  also  Included  the 
analysis  of  resonant  flame  spectra  recorded  in  the  flat-flame  burner.  The  spectra  were 
recorded  at  0.25  cm-1  resolution  and  a  15  cm”1  spectral  analysis  width  was  used.  The 
nonresonant  spectra  were  recorded  at  a  low  detector  sensitivity  where  the  effect  of 
detector  shot  noise  is  negligible.  The  resonant  noise  can  be  corrected  for  the  residual 
detector  shot  noise  by  assuming  that  the  detector  shot  noise  op  and  the  noise  in  signal 
oc  are  uncorrelated  giving  a  net  noise  oN: 


+  *8 


(20) 


This  corrected  noise  oq,  attributable  to  pulse-to-pulse  variations  In  the  spectral 
profile  of  the  CARS  signal.  Is  shown  In  parentheses  In  Table  2. 

The  results  confirm  the  earlier  conclusion12  that  the  nonresonant  spectra 
recorded  with  a  single-mode  pump  laser  exhibit  less  noise  than  those  recorded  with  a 
multimode  pump  laaer.  The  actual  noise  values  are  somewhat  higher  than  we  observed 
previously  and  we  speculate  on  the  cause  of  this  below.  For  the  resonant  spectra  the 
reverse  Is  true  and  the  alngle-mode  spectra  exhibit  greater  noise. 

This  noise,  expressed  as  a  psrcentage,  was  largely  constant  and  thus 
represents  a  fixed  Traction  of  the  total  signal.  Thus  the  total  noise  (ow.)  associated 
with  a  particular  diode  count  C  can  be  expressed  as: 

af  *  o2  +  kC  +  mC2  (21) 

where  o2  Is  the  "dark  nolae"  or  noise  In  the  absence  of  a  signal,  kC  Is  the  ahot  noise 
component  and  raC2  represents  the  component  associated  with  the  shot-to-shot  variation  In 
the  CARS  signals.  The  raC2  term  Is  an  approximation  In  that  it  Is  difficult  to  measure 
and  the  percentage  noise  In  signal  probably  Increases  at  very  low  signal  levels. 

In  a  weighted  least  squares  fit  the  parameters  are  determined  by  minimizing 
the  weighted  sum  of  squares  where  the  reciprocal  of  the  variance  le  used  as  the 
weighting  coefficient.  The  above  expression  for  has  been  used  to  perform  a  weighted 
least  squares  fit  of  experimental  CARS  data,  as  Is  described  below. 


4-10 


TABLE  2 

NOISE  STATISTICS:  STANDARD  DEVIATION  «  EXPRESSED  AS  % 


SPECTRUM  TYPE 


CO 2  Nonresonant 
spectra 

N 2  Flame  spectra 
T  -  1580  K 


PUMP  LASER  CONFIGURATION 
SINGLE-MODE  MULTIMODE 

6.6  8.4 


22. 4(22.0)  16.1(15.6) 


8.0  Single  shot  CARS  temperature  measurements 

Single  shot  CARS  temperature  measurements  were  performed  In  the  hydrogen/air 
fueled  flat-flame  burner  with  single-mode  and  multimode  pump  laser  operation.  Typically 
3eta  of  100  spectra  were  recorded  and  the  spectra  analysed  individually.  The  data 
collection  system  automatically  averages  the  individual  spectra  and  these  average 
spectra  were  also  analysed.  The  mean  temperature  and  the  standard  deviation  were 
calculated  for  each  set  of  individual  spectra  and  the  results  averaged. 

One  aim  of  these  experiments  was  to  examine  whether  the  greater  noise  of 
single-mode  resonant  spectra,  shown  in  Table  2,  would  be  reflected  in  a  bigger 
temperature  spread  in  the  single  shot  data.  Typical  results  are  shown  in  Fig.  13.  The 
widths  of  histograms  in  Fig.  13  represent  the  instrumental  resolution  since  no 
temperature  variations  are  expected  in  the  premixed  flame.  It  can  be  seen  that,  as 
expected,  the  single-mode  histograms  are  significantly  wider  than  the  multimode  ones. 
This  confirms  the  conclusion  that  resonant  CARS  spectra,  unlike  nonresonant  spectra, 
exhibit  greater  noise  with  a  single-mode  pump  laser  than  with  a  multimode  pump  laser. 

We  also  performed  a  weighted  least  mean  squares  fit  of  theoretical  (T)  and 
experimental  (E)  CARS  spectra  where  the  quantity  minimised  was: 


I  *1  (Tj,  -  Ej.)2  (22) 


where  i  is  the  diode  index  and  the  weighting  parameter  w^  is  1/a2.  was  calculated 

from  equation  21  using  experimentally  determined  values  of  o0  an<§  k  and  an  estimated 
value  of  m  corresponding  to  4*  shot-to-shot  CARS  noise,  approximately  the  noise  observed 
in  the  Stokes  laser12. 

The  effect  of  weighting  the  data  is  to  greatly  reduce  the  width  of  the 
histograms.  The  two  fold  reduction  in  the  width  of  single-mode  temperature  histograms 
is  particularly  dramatic.  Thus  taking  proper  account  of  signal  variance  can  greatly 
increase  the  precision  of  single  pulse  CARS  measurements. 

The  histograms  in  Fig.  13  were  calculated  using  the  isolated  line  CARS  theory 
code.  More  recently  we  have  included  collisional  narrowing  and  cross-coherence  effects 
in  the  CARS  theory  code  and  repeated  the  earlier  isolated  line  analysis.  Essentially 
the  same  reductions  in  standard  deviation  were  obtained  when  these  effects  were 
included,  as  demonstrated  in  Tables  3  and  4.  The  effect  of  the  choices  of  weighting 
coefficients  on  the  average  temperatures  and  average  standard  deviations  obtained  from 
all  of  the  single  pulse  data  is  also  shown  in  Tables  3  and  4.  The  standard  deviations 
are  largely  insensitive  to  the  amount  of  CARS  noise  included  in  the  weighting 
coefficients.  However,  a  larger  CARS  noise  contribution  resulted  in  a  greater 
temperature  bias. 
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TABLE  3 

EFFECT  OP  WEIGHTING  COEFFICIENTS  ON  ANALYSIS  OF  SINOLB  PULSE 
SINGLE-MODE  DATA  WITH  COLLISIONAL  NARROWING  INCLUDED  IN  CARS  CODE 


AV.  TEMP 

ST.  DEVIATION 

WEIGHTING 

^AV 

«T 

(K) 

(K) 

1563 

131  ±  17 

NONE 

1551 

71  *  5 

DETECTOR  SHOT 

NOISE  ONLY 

1531 

59  t  6 

DETECTOR  SHOT 

NOISE  +  4*  CARS 

NOISE 

1492 

61  »  7 

DETECTOR  SHOT 

NOISE  +  20%  CARS  NOISE 

ERROR  LIMITS  ARE  95*  CONFIDENCE 

INTERVALS 

TABLE  4 

EFFECT  OF  WEIGHTING  COEFFICIENTS  ON  ANALYSIS 
MULTIMODE  DATA  WITH  COLLISIONAL  NARROWING  AND 
INCLUDED  IN  CARS  CODE 

OF  SINGLE  PULSE 

CROSS- COHERENCE 

AV.  TEMP 

ST.  DEVIATION 

WEIGHTING 

^AV 

crT 

UD 

IK) 

1586 

88  i  5 

NONE 

1554 

51  t  3 

DETECTOR  SHOT 

NOISE  ONLY 

1526 

45  *  2 

DETECTOR  SHOT 

NOISE  +  4%  CARS  NOISE 

ERROR  LIMITS  ARE  95%  CONFIDENCE  INTERVALS 


The  cause  of  the  systematic  temperature  shifts  with  weighting  is  not  clear. 
However,  it  should  be  noted  that  the  weighted  fits  are  more  sensitive  to  the  value  of 
the  nonresonant  susceptibility  ( x™  )  used  in  the  calculation  of  the  theoretical 
spectra.  We  have  examined  the  effect  of  changing  x**R  by  10%  on  the  best  fit 
temperatures  with  weighting  (4%  CARS  noise)  and  without.  The  fit  to  the  single-mode 
data  (including  colllsional  narrowing  in  the  code)  produced  temperature  changes  of  9  K 
(unweighted  fit)  and  18  K  (weighted  fit).  The  corresponding  numbers  for  the  multimode 
data  (with  the  effect  of  cross-coherence  Included)  were  13  K  and  24  K.  A  decrease  in 
xNK  leads  to  40  increase  In  the  fitted  temperatures.  Thus  a  20%  decrease  in  the  value 
of  xNf<  used  would  eliminate  about  1/2  of  the  single  pulse  temperature  shifts  observed  in 
Tables  3  and  4  and  would  entirely  eliminate  the  similar  but  smaller  shifts  observed  in 
fitting  the  multipulae  averaged  data  discussed  below. 

The  selection  of  weighting  coefficients  appears  to  be  a  compromise  between 
reducing  the  standard  deviation  and  avoiding  temperature  shifts.  Weighting  places 
emphasis  on  the  lower  Intensity  parts  of  the  CARS  spectrum  and  thus  the  need,  for 
example,  to  know  xNK  (and  hence  composition)  accurately.  The  nonresonant  background 
can  be  eliminated*5  (with  an  accompanying  16  fold  reduction  in  CARS  signal),  however 
temperature  biasing  has  been  observed  in  fitting  background  free  spectra*5. 

The  use  of  a  multimode  laser  clearly  confers  an  advantage  in  reducing  the 
single  shot  CARS  noise  and  thus  reducing  the  temperature  spreads  observed  with  repeated 
single  shot  temperature  measurements.  With  this  advantage  comes  the  greater  complexity 
of  the  CARS  theory  calculations,  although  the  recently  developed  analytic  solutions15,'7 
of  the  cross-coherence  effects  minimize  this  difficulty.  The  possible  effect  of  pump 
laser  field  statistics  on  the  ratio  of  the  resonant  to  nonresonant  CARS  signal*7,'8  is  a 
problem  which  can  be  avoided  by  using  a  single-mode  pump  laser.  Providing  this  latter 
problem  can  be  resolved,  the  use  of  a  multimode  pump  laser  Is  indicated  because  of  the 
reduced  noise. 
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9.0  Multlpulae  Avera^  CARS  Temperature  Measurements 

The  question  of  the  accuracy  of  the  flat-flame  burner  CARS  temperature 
measurements  and  their  dependence  on  Including  colllslonal  narrowing  and  cross-coherence 
effects  in  the  CARS  theory  code  is  more  readily  addressed  by  analysing  multipulse 
averaged  CARS  spectra. 

A  100  pulse  average  single-mode  CARS  flame  spectrum  and  a  best-fit  theory 
spectrum  calculated  with  colllsional  narrowing  effects  Included  in  the  CARS  code  is 
shown  in  Pig.  14.  The  spectrum  was  recorded  10  mm  above  the  burner  surface  on  the 
centre  line.  The  estimated  sodium  line  reversal  temperature  10  ran  a  ove  the  burner 
surface  was  1593  *  18  K.  CARS  temperature  measurements  taken  along  the  Na  line  reversal 
axis  showed  that  the  centre  line  temperature  was  some  18  K  hotter  than  the  average 
temperature  observed  over  the  Na  seeded  region  of  the  flame.  Thus  the  observed  sodium 
line  reversal  temperature  of  1575  K  was  increased  by  this  amount  to  give  the  estimated 
centre  line  value  of  1593  4  18  K. 

Over  a  period  of  six  months  we  have  recorded  a  series  of  multimode  (0.10  cm”1 
spectral  width)  and  single-mode  100-400  pulse  average  CARS  spectra  10  mm  above  burner 
centre.  The  data  was  initially  analysed  using  the  Isolated  line  computer  code  and  then 
analysed  by  including  the  effects  of  colllslonal  narrowing  and  cros3-coherence  as  these 
codes  became  available.  We  have  also  examined  the  consistency  of  the  Instrumental 
(slit)  function  by  determining  the  four  Voigt  parameters  from  both  room  temperature  and 
flame  spectra.  The  room  temperature  instrument  function  wa3  routinely  used  to  obtain 
the  temperatures  reported  here.  The  average  temperatures  so  obtained  are  summarized  in 
Table  5.  Including  colllslonal  narrowing  in  the  code  Increases  the  best-fit 
temperatures  of  single-mode  and  multimode  pump  laser  data  by  20-25  K.  With  colllslonal 
narrowing  Included  In  the  CARS  code  the  Instrument  (silt;  functions  determined  eltner 
from  single-mode  room  temperature  or  from  flame  N2  spectra  were  essentially  identical. 
With  the  Isolated  line  co^e  the  room  temperature  slit  function  wa3  10-15*  narrower  than 
that  derived  from  hot  spectra.  With  colllslonal  narrowing  included  in  the  code  the 
final  temperature  derived  from  the  single-mode  data  Is  In  excellent  agreement  with  the 
Na  line  reversal  temperature. 


TABLE  5 

SUMMARY  Of  CARS  TEMPERATURE  MEASUREMENTS 
10  mm  ABOVE  BURNER  CENTRE 

SINGLE- MOLE  PUMP'  LASER 


TEMP 

(K) 

1577  i  17 


COMPUTER  ..VI * 
ISOLATED  LINE 


1599  4  19 


COLL I SIGNAL  NARROWING 


MULTIMODE  (0.10 


TEMP 

(K) 

1588  i  10 
1611  t  11 

1569  4  II 


cm-1;  F'JMP  LASER 

COMPUTEh  CODE 

ISOLATED  LINE 

COLLISIONAL  NARh.'WINi 

COLL I SIGNAL  NARROWING 
♦  CHOSS-CgHEHENGE 


ERROR  LIMITS  ARE  95*  CONFIDENCE  INTERVALS 


With  multimode  data  cross-coherence  must  also  be  included  in  the  code  and  as 
shown  in  Table  5  the  effect  Is  to  lower  the  best  fit  temperatures  -uo  K.  Col  1  Is  Iona . 
narrowing  and  cross-coherence  have  opposing  effects  on  best-fit  temperat ures  and  the 
final  temperature  Is  only  19  K  less  than  the  isolated  line  temperat  ire .  This 
cancellation  Is  a  function  of  the  assumed  pump  bandwidth  since  a  fit  to  the  data  with  a 
0.4  cm-1  pump  laser  ba -iwidth  (the  laser  manufacturer's  specification  produced  a  filial 
best  fit  temperature  ol  1531  K,  some  57  K  lower  than  the  Isolated  line  temperature  and 
62  K  lower  than  the  Na  line  reversal  temperature.  The  0.1  on- 1  pump  laser  result  of 
1569  4  11  K  is  In  satisfactory  agreement  with  the  Na  line  reversal  'emperature  of 
1593  4  18  K.  The  Instrument  function  was  very  similar  to  that  derived  from  the 
single-mode  data. 

Reducing  by  20*  gives  approximate  best  fit  t«mt'pr«L,r»s  *f  1M7  t  19  K 

(single-mode)  and  1595  4  11  K  (multimode >  In  equally  good  agreement  with  the  line 
reversal  temperature  of  1593  4  18  K. 
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In  summary  we  conclude  that  It  Is  necessary  to  Include  the  effects  of 
collislonal  narrowing  and  cross-coherence  to  correctly  predict  CARS  temperatures  In 
atmospheric  pressure  flames.  With  these  effects  included  the  calculated  temperatures 
are  within  25  K  of  the  Na  line  reversal  temperatures  for  both  multimode  and  single-mode 
pump  laser  data. 

10.0  Stokes  laser  noise 

With  the  large  number  of  modes  excited  in  the  Stokes  laser  there  Is  the 
possibility  of  selective  focusing  of  these  modes  whereby  the  lower-order  modes  may  focus 
more  tightly  and  thus  more  efficiently  wave  mix  with  the  pump  laser  field.  In  our 
earlier  work  we  saw  no  evidence  of  this  but  the  astigmatism  produced  by  a  tilted  CARS 
focusing  lens  may  have  masked  any  effect. 

-  As  noted  above  the  observed  nonresonant  noise  of  8.  OX  (70  cm'1  analysis 

bandwidth)  with  a  single-mode  pump  laser  was  higher  than  that  observed  previously12 
(5.7X).  We  therefore  investigated  the  effect  of  adding  a  beam  expansion  telescope  with 
a  magnification  of  1.0,  with  lenses  chosen  to  deliberately  induce  some  spnerical 
abberatlon.  With  this  arrangement  the  CARS  intensity  dropped  a  factor  of  -2  and  the 
observed  nonresonant  noise  was  5«5%«  When  the  telescope  was  removed  the  noise  returned 

4  to  the  previous  8. OX. 

i  The  5-5%  noise  is  approximately  equal  to  the  5%  noise  previously  observed  in 

the  Stokes  laser  itself12.  A  plausible  explanation  of  this  observation  is  that  the 
spherical  aberration  introduced  in  the  Stokes  laser  "blurred”  any  tendency  for 
selective  focusing  of  various  modes.  Thus  the  pump  laser  wave  mixed  with  a  Stokes  laser 
whose  modes  were  effectively  averaged. 
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fig.  1:  Optical  Arrangement  of  the  CARS  Spectrometer 
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Pig.  2:  Optical  Multichannel  Detector 
Read  Sequence 


Pig.  3:  Diagram  of  Detector/Computer 
Interface 
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g.  4:  Individual  N2  Spectrum  with 
Average  Nonresonant  Spectrum 


Pig.  5:  Average  N2  Spectrum  with  Average 
Nonresonant  Reference  Above  and 
Referenced  Spectrum  Below 
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Pig.  6:  Plat-Flame  Burner  Construction 


Pig.  7:  Detector  Output  Versus  Pllter 
Transmission  (I)  or  Versus 
Boicar  Signal  (Arbitrary  Units) 


RELATIVE  INTENSITY 
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Pig.  8:  Detector  Output  Versus  Normalized 
Signal  Level 


Fig.  9:  CARS  Image  Height  Intensity 
Profiles 


Fig.  10:  Detector  Shot  Noise  as  a 

Function  of  Incident  Light 
Intensity 
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Fig.  11:  Detector  Shot  Noise  as  a 
Function  of  signal  Counts 
For  a  Fixed  Intenslfler 
Setting 


Pig.  12:  Average  Nonresonant  CARS  Spectrum 
(Si)  and  a  Normalized  Single  Shot 
(left)  CARS  Spectrum  (Y<  ,)  for  Typical 
Multimode  Operation.  Analysis 
Bandwidth  70  cm- 1 
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CARS  TEMPERATURE  HISTOGRAMS 


TEMPERATURE  (K)  TEMPERATURE  (K) 


TEMPERATURE  (K)  TEMPERATURE  (K) 


Pig.  13:  Temperature  Histograms  Calculated  for  Slngle~Mode  and 
Multimode  Pump  Operation  with  Weighted  and  Unweighted 
Least  Mean  Squares  Pita  Using  Isolated  Line  CARS  Code 


Pig.  14:  Experimental  Na  CARS  Flame  Spectrum 
Compared  with  a  Best  Pit  Theory 
(above)  Spectrum  Calculated  Using  Colllslonal 
Narrowing 
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DISCUSSION 


D-A-Greenhalgh,  UK 

Have  you  compared  your  dye  laser  noise  data  with  published  theories? 

Comment 

The  difference  between  single-mode  and  multimode  I  o  temperature,  for  low/modest  pressure  high  temperature 
spectra  may  be  due  to  the  multimode  laser  causing  better  (smoother)  excitation  of  the  Raman  spectrum. 

Author’s  Reply 

We  have  deliberately  avoided  any  discussion  of  the  emerging  theories  of  CARS  noise  and  we  have  concentrated  instead 
on  empirical  observations  of  CARS  noise.  We  have  not  characterised  our  dye  laser  in  a  way  that  would  allow  us  to 
apply  existing  theories  of  dye  laser  noise. 

It  is  clear  that  the  various  pump  laser  modes  will  mix  with  a  different  set  of  Stokes  modes  thus  leading  to  smoother 
excitation  of  the  polarization.  At  higher  pressures  and  lower  temperatures  we  might  expect  the  differences  we  have 
observed  between  single-mode  and  multimode  behaviour  to  decrease  as  the  larger  Raman  linewidth  involves  a  greater 
number  of  Stokes  modes.  In  effect  we  are  progressing  towards  the  non-resonant  limit  as  the  Raman  linewidth  increases. 


J.P.Taran,  FR 

The  difference  in  behaviour  of  the  single  mode  and  multimode  arrangements  (with  regard  to  standard  deviation)  may 
result  from  changes  in  beam  shape  of  the  YAG  laser.  Have  you  observed  any  such  changes? 

Unless  stabilized,  single  mode  lasers  may  experience  frequency  jitters  as  large  as  1  cm"1.  These  would  translate  the 
CARS  spectra  along  the  frequency  axis  in  a  random  manner,  and  might  affect  the  result  of  the  computer  processing.  Do 
you  track  these  frequency  jitters? 

Author’s  Reply 

The  focal  spot  sizes  are  indistinguishable  for  single-mode  and  multimode  pump  operation.  (Approximately  60%  of  the 
radiation  is  contained  within  a  50  pm  spot  size.) 

With  regard  to  the  second  question  we  do  allow  for  a  frequency  shift  between  theoretical  and  experimental  spectra.  This 
is  a  fitting  parameter,  along  with  temperature,  in  our  least  mean  squares  analysis.  The  typical  short  term  frequency  jitter 
with  our  single  mode  laser  is  0.03  cm"1  (single  standard  deviation). 


ILFarrow,  US 

Your  results  comparing  CARS  signal  statistics  for  single  and  multi-mode  pump  lasers  contrast  with  our  investigations. 
Do  you  attribute  this  difference  to  your  use  of  a  broadband  Stokes  laser  compared  to  our  use  of  a  narrowband  (0. 1 
cm-1)  laser? 

Author’s  Reply 

In  measuring  temperature  histograms  or  spectral  profiles  we  are  looking  at  the  shot-to-shot  variation  in  spectral  shapes 
rather  than  the  variation  in  total  signal  level.  Because  of  that  I  think  we  are  measuring  different  quantities.  We  do 
observe  that  the  shot-to-shot  variability  in  the  spectrally  integrated  CARS  signals  is  greater  for  a  multimode  laser  The 
latter  variation  is  of  secondary  important  in  CARS  thermometry  compared  to  the  variation  in  spectral  shapes. 
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RESUME 

Une  flamme  premelangee  a  grande  vitesse  a  ete  etudiee  par  la  Diffusion  Raman  Anti-Stokes  Coherente  (DRASC). 

La  bonne  resolution  spatiale  et  temporelle  du  montage  DRASC  en  large  bande  conveient  parfaitement  pour  I'etude  des 
ecouiements  turbulents  et  permet  des  mesures  instantanees  de  temperature  dans  une  zone  de  reaction.  A  partir  de  ces 
valeurs  instantanees,  sont  construits  des  fonctions  de  densite  de  probability  de  temperature  (PDF). 

La  combustion  d’un  melange  air-methane  u  «  55  m/s,  T  =>  560K,<p  =  0,8  est  entretenue  et  stabilisee  par  un 
ecoulement  parallele  de  gaz  chauds  (u  =  110  m/s,  T  =  2000  K).  Le  melange  de  ces  2  ecouiements  est  aussi  etudie  lorsque  la 
possibility  d'inflammation  est  supprimee  tp  *  0. 

Ces  resultats  sont  compares  i  ceux  obtenue  avec  stabilisation  par  une  zone  de  recirculation. 


ABSTRACT 

The  good  spatial  and  temporal  resolution  of  broad-band  CARS  diagnostic  is  suitable  for  turbulent  flows  and  allows 
instantaneous  temperature  measurements  in  the  reaction  zone.  From  these  instantaneous  values,  temperature  probability 
density  functions  (PDF )  are  built. 

Coherent  Ami-Stokes  Raman  Scattering  (CARS)  thermometry  is  applied  to  a  high  velocity  premixed  flame.  The 
combustion  of  an  air-methane  flow  (u  «  55  m/s,  T  “  560  K,  equivalence  ratio  <p  -  0,8)  in  the  combustor  is  ignited  and 
stabilized  by  a  parallel  flow  of  hot  gases  (u  *  110m/s,T  =  2000  K).  The  mixing  of  the  two  flows  without  combustion 
( qp  —  0)  is  also  studied  as  well  as  combustion  stabilized  by  a  step  replacing  the  hot  gases. 


1  -  INTRODUCTION 


La  Diffusion  Raman  Anti-Stokes  Coherence  (DRASC)  est  une  methode  de  mesure  ponctuelle  et  resolue  dans  le  temps 
de  la  temperature  et  de  la  composition  1 1  { dans  les  milieux  fluctuants.  Sa  grande  luminosity  la  rend  particulieremcnt 
attrayante  dans  I'etude  de  milieux  reactifs  Ids  que  les  flammes.  qui  produisent  generaiement  un  fort  rayonnement  parasite. 
Les  caractyristiques  standards  de  ces  mesures  sont  les  suivantes: 


resolution  spatiale 
temps  de  mesure 
cadence  de  repetition 
domains  de  mesure 
scud  de  detectivity 
precision  de  mesure 


diamelre  50  pm  x  longueur  2  mm 
10ns 

qudques  Hertz 
300-  2500  K 
-  1  %  en  fraction  molairc 
3— 5%|2|. 


Ces  caraclenjuqucx  font  de  la  DRASC  une  methode  de  chotx  pour  I'etude  des  milieux  fluctuants  tels  que  les  explosions 
ou  les  flammes  turbulenles.  1  etude  presentee  to  est  celle  d  une  flamme  turbulente  stabilisee: 

-  son  par  un  a  element  pilose  4  haute  temperature  et  relahvement  grande  vitesse. 
smt  par  un  decrochement  de  par™  demere  lequel  s'etaMit  une  zone  de  fluide  mort  i  la  temperature  de  fin  de  combustion 

I  ca  nun  ont  ete  cffectues  dans  des  conditions  d  ecoulcmcnl  differentes  de  cclles  regnant  d'habitude  dans  les 
imtaUatnms  utihsant  la  DRASt 
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Dans  les  deux  cas,  dans  un  large  domaine  de  {’ecoulement  situe  de  part  et  d’autre  de  la  zone  de  reaction,  les  experiences 
anterieures  (visualisation  par  strioscopie,  velocimetrie  laser,  mesure  pyrometrique  de  temperature)  ont  toutes  mis  en 
evidence  le  passage  de  paquets  de  fluides  altemativement  chauds  ou  froids,  rapides  ou  lents  suivant  qu’il  s’agissait  de  gaz 
deja  bnifes  ou  de  gaz  encore  frais. 

II  n’est  pas  possible  dans  ce  cas  d’utiliser  les  techniques  classiques  de  depouillement  des  histogrammes,  comme  il  est 
decrit  ci-dessous. 


2  -  DESCRIPTION  SOMMAIRE  DU  MONTAGE  ET  DU  BANC  DRASC  UTILISE 
2. 1  —  Montage  d  elude  de  la  flamme  turfoulente 

Le  montage  experimental  utilise  [3]  restitue  dans  un  laboratoire  les  conditions  usuelles  regnant  dans  la  zone  primaire 
d’une  chambre  de  combustion,  qu’il  s'agisse  de  chambre  primaire  de  turboreacteur,  de  chambre  de  rechauffe  ou  de  chambre 
de  statoreacteur. 

Le  montage  (fig.  1 )  de  section  carree  100  mm  x  1 00  mm  dans  la  zone  d’essais  et  de  longeuer  superieure  a  1 000  mm  est 
de  dimensions  industrielles. 

De  Fair,  dont  la  temperature  est  portee  a  575  K  par  un  echangeur,  est  melange  avec  du  methane  a  temperature 
ambiame,  I’ensemble  constinjant  un  ecoulement  sensiblement  homogene  a  la  temperature  de  550  K.  Cet  ecoulement  ou  "flux 
primaire”  est  injecte  dans  une  partie  de  la  section  d’entree  du  foyer. 

IY>ur  le  reste  de  celle-ci  deux  configurations  doivent  etre  envisagees; 

—  flamme  pilote:  sur  environ  20%  de  la  hauteur  de  la  veine,  soit  20  mm,  on  injecte  des  gaz  issus  d’une  combustion 
stoechiometrique  dans  un  foyer  auxilaire.  Ces  gaz,  a  une  temperature  de  l'ordre  de  2000  K,  assurent  1’inflammation  du 
flux  primaire  et  la  stability  de  la  flamme  dans  un  large  domain  de  richesse  et  de  vitesse;  ils  constituent  le  "flux  auxiliaire”; 

—  decrochement  de  paroi:  une  fraction  de  la  section  d’entree,  soit  ici  35%,  comporte  une  marche  descendante  derriere 
laquelle  s  etablit  une  zone  de  recirculation  comportant  initialement  des  gaz  precarbures  provenant  de  l’ecoulement 
primaire;  apres  aUumagc  dassique  par  bougie ,  un  noyau  chaud  et  stable  s’etablit  dans  cette  zone  et  assure  encore 
l’inflammation  et  la  stabilisation  de  la  flamme. 

Les  parois  du  foyer  ne  sont  pas  rcfroidies  afin  de  limiter  les  gradients  thermiqucs  parieteux.  En  consequence  la  duree 
des  essais  ne  peut  pas  depasser  40  secondes  environ,  ce  qui  constitue  un  inconvenient  majeur  lorsqu’on  desire  accumuler 
plusieurs  centaines  de  mesures  avec  un  appareil  dont  la  cadence  d'acquisition  est  de  1  Hz. 

Toutes  les  grandeurs  aerodynamiques  et  thermiqucs  de  I’ecoulement,  sauf  evidcmment  celles  donnees  par  la  DRASC, 
sont  enregistrees  de  fayon  continue.  Les  principals  d'entre  elles  sont: 

—  debit 

—  pression, 

—  temperature 

—  richesse. 

Pour  chacun  des  flux,  ces  grandeurs  peuvent  etre  lues  en  temps  reel  sur  le  pupitre  de  commandc. 

2.2  —  Architecture  du  systtme  DRASC 

Le  systeme  DRASC  dont  dispose  actuellement  1’ONERA  est  un  systeme  modulaire  qui  se  compose  schematiquement 
des  elements  suivants. 

2.2.1  —  Emission 

Le  bloc  emission  se  presente  sous  forme  d'unc  table  ’  •  montage  "source”  de  1 ,5  m  x  0.5  m  sur  laquelle  sont  assembles 
les  2  lasers.  Une  description  detaillee  de  cet  ensemble  peut  etre  consultee  [4— 6]. 

Rappelons  brievement  les  caracteristiques  essentielles  des  deux  faisceaux  laser  emis: 

—  le  faisceau  de  frequence  to, 

V  *  532  nm,  energie  —  75  mJ.  duree  d’impulsion  -  1 0  ns.  II  est  obtenue  par  doublage  de  frequence  du  faisceau  emis  par 
une  chaine  laser  comportant  un  oscillateur  Nd— YAG  suivi  de  2  amplificateurs; 

—  le  faisceau  de  frequence  u>2 

k2  •  607  mm  (pour  N:),  energie:  3  mJ,  duree  d'impulsion  1 0  ns.  II  est  delivre  par  un  laser  a  colorant  suivi  d'un 
amplificateur  excites  par  une  fraction  dc  1'energie  du  faisceau  ui,. 

Parce  quc  le  spectre  du  laser  a  colorant  presente  une  modulation  et  que  la  puissance  du  laser  YAG  n’est  pas  constante.  il 
est  necessaire  de  normaliser  le  spectre  signal  (S)  en  le  divisant  point  k  point  par  un  spectre  reference  (R)  enregistre 
simultan^mem. 
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2.2.2  —  Detection 

Le  spectrometre  a  reseau  holographique  (2100  tr/mm),  le  detecteur  vidicon  el  differentes  opliques  associees  sonl 
montees  sur  une  table  appelee  bloc  detection. 

2.2.3  —  Acquisition 

Le  controleur  de  detecteur  vidicon  est  connecte  a  un  ordinateur  PDP  1 1/23,  dont  le  role  est  de: 

—  mettre  en  memoire  les  informations  en  provenance  du  vidicon.  La  cible  est  lue  a  raison  de  1  pt  toutes  les  80  ps.  Trente 
balayages  de  la  cible  sont  effectues  a  chaque  tir  des  lasers.  La  cadence  d'acquisition  est  ainsi  de  1  tir  laser  par  seconde 
environ; 

—  donner  les  ordres  de  charge  et  de  tir  de  la  chaine  laser  Nd— YAG; 

—  lire  les  amplitudes  des  spectres  S  et  R; 

—  mettre  en  memoire  sur  disque  dur  ces  informations; 

—  waiter  en  temps  differe  les  spectres. 


3  -  SPECIF ICITE  DES  ESSAIS  DRASC  SUR  FLAMME  TURBULENTE 

Un  grand  nombre  de  difficultes  rencontrees  dans  la  mesure  DRASC  de  temperature  dans  les  foyers  industriels  ont  pu 
etre  identifiees  et  resolues  au  cours  des  essais  de  laboratoire  sur  Damme  turbulente. 


3.1  —  Difficulty  experimentales 

Ces  difficultes  sont  liees  a  l'environnement  de  la  cellule  d'essais  (bruit,  temperature  ambiante,  acces  optique,  etc...).  Elies 
ont  ete  resolues  en  installant  les  optiques  delicates  du  banc  DRASC  et  de  la  detection  dans  la  salle  de  commande.  Des 
mecaniques  de  grande  stabilite  ont  egalement  ete  employees  pour  soutenir  les  optiques  diverses. 

3.2  -  Technique  d’acquisition  des  histogrammes 

L’intensite  du  signal  DRASC  depend  tres  rapidenient  de  la  temperature.  Entre  600  K  et  2350  K,  qui  sont  les 
temperatures  extremes  qui  peuvent  etre  rencontrees,  le  signal  est  reduit  d’un  facteur  100.  De  plus,  a  temperature  consume, 
le  signal  fluctue  par  le  fait  des  fluctuations  de  puissance  des  lasers  et  de  1'influence  des  gradients  thermiques  rencontres  dans 
le  foyer.  Globalement  le  signal  change  de  1  a  300,  ce  qui  est  beaucoup  plus  que  la  dynamique  permise  par  le  detecteur.  Une 
solution  avait  ete  proposee  par  Switzer  et  al.  [8],  mais  elle  n’est  pas  compatible  avec  notre  montage  experimental.  Une  auwe 
solution  est  proposee.  Uhistogramme  est  enregistre  en  deux  temps,  le  niveau  du  signal  etant  ajuste  au  moyen  de  verres 
neutres  gris  (attenuation  optique). 

—  Une  premiere  serie  de  mesure  est  effectuee  avec  une  forte  attenuation.  Dans  ce  cas,  la  nombre  de  tits  satures  est 
negligeable  (NF  =  0)  mais  le  nombre  de  tir  Nc  pour  lesquels  les  spectres  sont  trop  faibles  peut  etre  grand. 

—  Une  deuxieme  serie  de  mesure  est  effectuee  sans  attenuation.  Les  spectres  correspondants  aux  hautes  temperatures  sont 
ainsi  enregistres.  Dans  ces  conditions  de  mesure  N<  =  0  mais  Nf  (le  nombre  de  spectre  pour  lesquels  le  detecteur  est 
sature)  peut  etre  grand. 

A  partir  de  ces  deux  series  de  mesures,  deux  histogrammes  sont  construits  de  la  fapon  suivante: 

(a)  les  tirs  defectueux  sont  rejetes.  Le  critere  de  rejet  ne  porte  que  sur  le  signal  de  reference.  Les  causes  d’une  reference 
defectueuse  n’etant  pas  correlees  a  la  temperature  du  foyer,  ces  rejets  ne  peuvent  pas  introduire  de  biais  systematiques; 

(b)  les  essais  de  la  premiere  serie  donnent  naissance  4 1'histogramme  P,(T )  avec: 


Pi(T) 


n,(T ) 

X^T)  +  N, 


ou  n,  (T )  est  le  nombre  de  mesures  pour  lesquels  la  temperature  est  situee  entre  TetT  +  A  T  oil  A  T  est  la  taille  d'une 
classe  de  temperature; 

(c)  de  faqon  identique  les  essais  de  la  seconde  serie  de  mesure  donnent  naissance  a  1'histogramme  P2  (T ): 


P;(T ) 


n,(T) 

X^T  i  +  N> 


(d)  les  deux  histogrammes  ainsi  obtenus  se  recouvrent  partiellement  du  fait  des  fluctuations  d'intensite  induites  par  les 
fluctuations  de  puissance  des  lasers  et  par  I'effet  des  gradients  thermiques  (fig.2). 


Dans  certaines  conditions  d'enregistrement  et  de  depouillement,  il  peut  etre  montre  (cettc  justification  est  don  nee  en 
[7|)  que  rhistogramme  riti  P  (T )  est  forme  de  la  superposition  des  histogrammes  P,  (T )  et  P2  (T  f. 


PIT)  -  P,(T)  +  P;  (T) 


Cette  technique  donne  avec  le  maximum  de  securite  des  histogrammes  a  deux  pics  dans  le  cas  d’essais  effectues  dans 
des  domain es  a  fortes  fluctuations  de  temperature. 

Notons  que  cette  methode  de  mise  bout  a  bout  d’histogrammes  peut  poser  des  problemes  delicats  de  raccordement  du 
fait  des  fluctations  d’amplitude  des  signaux  resultant  des  fluctuations  diverses,  comme  celles  des  lasers.  La  justification  de 
notre  traitement  est  donnee  ailleurs  [7]. 


4  -  ANALYSE  DES  RESULTATS 

La  position  des  points  de  mesure  est  representee  sur  la  figure  1  ainsi  que  les  conditions  experi  men  tales  qui  ont  ete 
figees  pour  Pensemble  des  essais  (6  heures  de  combustion  proprement  dite,  600  rafales  au  cours  desquelles  1 8000  spectres 
ont  ete  enregistres). 

4.1  —  Flamme  piiote  sans  combustion  principal 

Dans  ces  conditions  on  etudic  la  coexistence  et  le  melange  d'un  jet  chaud  parietal  de  hauteur  a  Pentree  20  mm,  avec  un 
jet  plus  froid  de  hauteur  80  mm. 

La  figure  3  represente  les  histogrammes  releves  au  voisinage  de  la  section  de  confluence  des  deux  ecoulements  (x  =  42 
mm)  et  dans  un  second  plan  de  mesure  sortie  plus  en  aval  (x  -  122  mm)  [9J. 

II  apparait  nettement  un  rechauffement  rapide  du  flux  frais  et  un  refroidissement  correlatif  du  fl  ix  chaud.  A  Pabscisse 
maximale  exploree,  une  uniformite  de  Pecoulement  n’est  pas  encore  apparue. 

Cette  constatation  explique  le  fait  que  meme  au  voisinage  du  plan  d’entree,  ou  les  histogrammes  mettent  en  evidence  un 
predominance  d’un  pic  chaud  (T  =  2100  K)  dans  \e  jet  parietal  et  d’un  pic  frais  (T  =  600  K)  dans  Pecoulement  principal,  les 
temperatures  intenhdiaires  ont  une  probability  non  nulle. 

4.2  —  Flanune  piiote  avec  combustion  dans  le  flux  principal  (richesse  cp  =  0,8) 

La  figure  4  donne  pour  les  memes  points  d’essais  que  precedemment,  les  histogrammes  obtenus  lorsque  Pecoulement 
primaire  est  compose  d’une  melange  air~methane  de  richesse  <p  =  0,8.  Celui-ci  s’enflamme  au  contact  des  gaz  chauds  de 
Pecoulement  auxiliaire  parital  et  Panalyse  des  histogrammes  met  en  evidence  cette  inflammation. 

Dans  le  plan  de  mesure  situe  a  x  =  42  mm  en  aval  de  la  zone  de  confluence  les  histogrammes  obtenus  sont  tout  a  fait 
sembiables  a  ceux  correspondent  dans  la  meme  section  a  un  melange  a  richesse  nulle,  ce  qui  verifie  la  reproductibilite  des 
essais  et  des  depouillements.  Toutefois  dans  le  sillage  immediat  de  la  plaque  separant  les  deux  ecoulements  (y  =  20  mm),  les 
signes  precurseurs  de  la  combustion  apparaissent  deja. 

Dans  le  plan  de  mesure  situe  ax  =  122  mm  en  aval  du  plan  de  confluence  des  ecoulements  les  histogrammes  font 
apparaitre  un  double  effet: 

—  le  maintien  de  Pecoulement  auxiliaire  parietal  pratiquement  a  sa  temperature  initiale  dans  tout  le  domaine  qu’il  occupait 
anterieurement  (0  <  y  <  20  mm)  et  Pexistence  de  gaz  brules  sur  une  hauteur  de  veine  asscz  elevee  (20  <  y  <  40  mm); 

—  la  persistance  de  gaz  frais  au  voisinage  de  la  limite  inferieure  de  Pecoulement  principal,  e’est-a-dire  dans  jii  domaine  oil  la 
combustion  devrait  etre  logique  merit  tres  avancee. 

Cette  deuxieme  observation  conduit  tout  natureUement  a  definir  comme  “zone  de  reaction”  la  partie  de  la  veine  oil  les 
histogrammes  presentent  deux  pics  (meme  de  hauteurs  nettement  differentes);  ces  “flammes  epaisses"  sont  bien 
caracteristiques  de  la  combustion  turbulente. 

4.3  —  F  bun  me  stabilise  par  un  d£crochement  de  paroi  (fig.5) 

Des  explorations  ont  ete  effectuees  dans  un  plan  situe  a  x  =  35  mm  du  plan  d’entree  de  Pecoulement  et  permettent 
encore  de  mettre  en  evidence  trois  zones: 

—  une  zone  de  gaz  de  recirculation  a  une  temperature  d’environ  1 700  K  (correspondant  a  Id  combustion  a  la  richesse  <j>  = 
0,8)  dans  la  zone  de  recirculation  (0  <  y  <  20  mm); 

—  une  zone  de  melange  (20  <  y  <  35  mm)  apparement  encore  sans  combustion  et  presentant  des  histogrammes  a  deux  pics; 

—  une  zone  de  gaz  frais  a  temperature  a  peu  pres  uniforme  (y  >  35  mm). 

On  remarquera  a  la  suite  de  cette  analyse  les  precautions  qu’il  faut  prendre  pour  interpreter  les  histogrammes.  la  meme 
configuration  a  deux  pics  pouvant  representer  des  zones  a  melange  et  a  reaction  chimique  ou  des  zones  a  melange  seul. 

3  —  CONCLUSION 

L  es  essais  effectues  au  moyen  du  systeme  DRASC  dans  un  foyer  ou  se  propage  une  flamme  turbulente  ont  montre  que 
si  on  prend  des  precautions  particulieres  pour  Pinterpretation  des  histogrammes,  et  notamment  des  histogrammes  a  deux 
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pics,  une  description  fine  de  la  temperature  instantanee  et  locale  peut  etre  obtenue. 

Ces  essais  ont  ete  effectues  dans  des  conditions  tres  severes: 

—  bruit  acoustique  et  electronique  elevees, 

—  grande  distance  entre  le  point  de  mesure  et  l’emetteur  ou  le  recepteur, 

—  temperature  locale  elevee  avec  importantes  fluctuations, 

—  montage  d’essais  difficilement  accessible. 

Malgre  ces  difficultes  et  bien  que  le  conception  du  foyer  non  refroidi  n’ait  que  des  tirs  de  quelques  dizaines  de  secondes, 
des  resultats  nombreux  et  precis  ont  pu  etre  obtenus  mettant  en  evidence  la  structure  fine  de  1’ecoulement. 

Ces  essais  ont  montre  que  les  systeme  DRASC  peut  maintenant  etre  employe  sur  des  montages  industriels. 
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DISCUSSION 


AJMh(|UK 

The  geometry  in  Figure  1  Part  (1),  is  of  interest  in  fundamental  studies  of  turbulent  combustion  with  a  supersonic 
primary  stream  and  a  subsonic  hot  gas  steam  to  stabilise  the  Same.  Could  you  speculate  on  the  additional  difficulties 
which  are  likely  to  be  encountered  if  CARS  were  to  be  applied  to  such  a  supersonic  combustion  experiment? 

Author’s  Reply 

There  is  not  any  principle  objection  for  application  of  CARS  in  a  supersonic  combustion  environment.  However  it 
should  be  kept  in  mind  that 

—  high  density  gradients  (and  consequently  high  refractive  index  gradients)  could  lead  to  defocahsations  of  the  laser 
beams. 

—  the  intensity  of  the  CARS  signal  is  proportional  to  the  square  of  the  number  density  of  the  probed  molecule.  In 
consequence  the  CARS  signal  could  be  very  weak  in  low  density  flows. 

J-P.Taran,  FR 
Comment 

I  think  if  the  size  of  the  Sow  is  not  too  large  there  should  be  no  reason  why  we  could  not  make  a  measurement  under 
those  conditions.  However,  if  the  size  of  the  Sow  and  the  temperature  gradients  become  too  large  then  the  density 
gradients  cause  beam  defocussing.  This  effect  is  well  known  to  those  working  in  CARS.  If  the  problem  becomes  severe 
it  also  becomes  difficult  to  get  single  shot  spectra  because  die  beams  are  so  damaged  by  the  density  gradients  that  there 
is  not  enough  signal  to  collect  on  a  single  shot  basis  and  you  end  up  having  to  integrate  over  a  long  time  and  then 
naturally  you  start  asking  questions  about  what  it  is  you  are  measuring.  What  is  this  average  which  you  get  which  is 
certainly  biased  and  may  also  have  a  biased  PDF? 

A.C.Eckbreth,  US 
Comment 

This  area  of  turbulent  beam  steering  strain  is  often  talked  about  but  it  is  one  that  is  really  difficult  to  quantise  in  internal 
combustion  engines.  There  have  been  experiences  where  there  has  been  complete  loss  of  signal,  during  say  flame  front 
passage  or  something  like  that.  Our  experience  in  jet  engines  is  that  we  use  the  geometry  that  I  showed  you  earlier  where 
we  put  the  dye  beam  inside  the  annular  pump  beam.  That  causes  the  dye  beam  to  focus  not  as  tightly  as  the  to,  beam.  So 
you  have  a  broad  intensity  profile  for  the  dye  laser,  you  have  a  more  narrow  intensity  profile  in  the  (U,  laser,  so  you  can 
tolerate  a  certain  amount  of  dithering.  At  full  augmentation  at  very  high  acoustic  levels  we  typically  experience  maybe 
25%,  perhaps  as  much  as  a  50%  loss  in  total  signal.  We  still  have  enough  signal  to  do  single  pulse  thermometry.  We 
have  not  in  our  tests  to  date  definitely  ascertained  whether  we  simply  have  dithering  of  all  our  optics  causing  our  beams 
to  shake  about  or  whether  it  really  is  due  to  flow  effects.  You  know,  it  is  a  sort  of  uncertain  area  of  measurement  and 
there  are  instances  where  there  could  be  problems.  But  it  seems  in  the  range  1  -20  atmospheres,  if  you  look  at  the  body 
of  measurements  that  have  been  reported  in  the  literature,  people  have  generally  been  successful  in  gathering  data 
under  very  difficult  conditions. 


R.B.Price,  UK 

1 .  Has  the  CARS  data  reduction  been  carried  out  using  ‘quick  fit"  methods? 

2.  Have  you  done  flow  visualisation  on  the  flames  in  the  two  flames  you  have  got  CARS  data  for?  Are  there  large 
coherent  structures  present? 

Author’s  Reply 

1 .  The  “quick  fit”  CARS  data  processing  has  only  been  used  to  have  a  nearly  real  time  first  approximation  of  the 
temperature.  This  ‘quick  fit"  is  baaed  on  the  slope  of  the  cold  vibrational  band  or  on  the  width  of  this  band. 

For  definitive  results,  given  in  the  paper,  the  processing  of  the  data  was  based  on  a  complete  fitting  between  the 
experimental  and  theoretical  spectra.  The  routine  based  on  least  mean  square  method  needed  5  seconds  of 
computation  time  on  a  PDP  1 1  /23  for  each  spectrum. 

2.  Visualization  of  this  flow  have  already  been  carried  out  by  means  of  high  speed  cinematography  and 
shadowgraphy  [3j.  These  pictures  have  shown  large  structures  in  the  Sow  and  also  turbulence  of  lower  spatial 
scales.  However  the  large  structures,  pockets  of  hot  or  cold  gases,  can  not  be  considered  as  “coherent"  structures. 
For  discussion  on  thii  last  point  see  Ref.7,  to  be  submitted  to  Combustion  and  Flame. 


D .Krttsduuer,  CA 

How  do  you  view  the  possibility  of  applying  CARS  in  the  primary  zone  of  the  combustion  chamber  where  the  flame 
isn't  transparent? 

Author’s  Reply 

The  possibilities  of  CARS  have  already  been  demonstrated  at  the  outlet  from  the  main  combustion  chamber  sector  of 
gas  turbines,  and  from  inside  the  primary  zone.  Temperatures  have  been  measured  there  (1)  without  the  non¬ 
transparency  of  the  environment  or  the  luminosity  of  the  flame  presenting  a  problem.  New  difficulties,  making  the 
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method  harder  to  apply,  could  arise  in  a  primary  zone  functioning  at  high  pressure.  In  this  case,  above  3  bars,  significant 
variations  in  density  could  cause  significant  de-focussing  of  the  beams  for  optica]  traverses  of  the  flame  of 
approximately  30  cm. 

(1)  R.Bedue,  P.Gastelois,  R.Bailly,  M.Pealat,  J.P.Taran.  CARS  measurements  in  a  simulated  turbomachine 
combustor.  Combustion  and  Fhune,  57(141),  1984. 

J.P.Taran,  FR 
Comment 

We  have  done  some  measurements  on  a  simulated  turbomachine  combustor  at  SNECMA.  We  found  no  problem  with 
optical  traversals  of  -10— 15  cm  using  kerosene  as  the  fuel  and  at  1  atmosphere.  To  establish  the  connection  with  this 
other  question  we  bad  about  extreme  temperature  and  pressure  gradients.  When  we  raised  the  pressure  to  3 
atmospheres  we  started  running  into  severe  problems  of  beam  steering  and  signal  loss.  That  is  because  the  gradients  can 
get  very  large.  The  beam  steering  of  course  changes  the  positions  of  the  beam  foci  and  also  changes  the  size  of  the  focal 
spots  so  the  CARS  signal  is  lost.  So,  as  a  rule  of  thumb,  -40  cm  beam  path  length  and  a  pressure  of  3  atmospheres  is 
going  to  be  close  to  the  limit  for  CARS  measurements. 

A.C.Eckbreth,  US 
Comment 

1  would  like  to  comment  on  Pierre  Taran's  comment.  There  have  been  a  number  of  CARS  measurements  on  primary 
zones.  We  made  some  measurements  back  in  1 979  on  a  30"  diameter  combustion  tunnel  fuelled  with  Jet  A  and  1 
atmosphere  pressure.  The  biggest  problem  we  had  was  that  as  we  increased  the  equivalence  ratio  to  1 .2  A  .4,  we  started 
experiencing  fairly  severe  beam  attenuation  due  to  increased  soot  formation.  I  am  wondering  whethering  in  your 
particular  case  as  you  went  up  in  pressure  from  1  to  3  atmospheres  whether  is  was  really  beam  steering  or  perhaps  an 
increase  in  soot  formation. 

J.P.Taran,  FR 
Comment 

I  do  not  think  in  our  case  it  was  soot  formation  because  there  did  not  seem  to  be  any  appreciable  attenuation  of  the  laser 
beams  going  through  the  combustor.  This  was  more  of  the  beam  blurring-type  problem  that  we  experienced.  I 
remember  that. 

D.A.Kreenhatgh,  UK 
Comment 

1  would  support  Taran's  comment.  We  have  made  a  lot  of  measurements  in  I C  engines  and  there  you  see  a  lot  of  beam 
steering.  When  the  flame  front  comes  through  where  you  are  making  the  measurement  the  beam  does  not  come  out  of 
the  engine  at  all.  It  vanishes  inside  due  to  very  severe  deflection  which  is  worse  when  the  beam  is  traversing  parallel  to 
the  flame  front. 

We  have  also  done  measurements  in  an  ammonia  oxidation  reactor  at  1 0  atmospheres  and  -2— 300"C  in  which  we 
were  traversing  through  around  1.5  metres  of  reacting  gas.  There  we  saw  very  large  beam  steering,  more  than  we 
anticipated.  This  flow  was  clear  with  no  particles  of  size  greater  than  0.2  pm  in  the  gas  stream.  Dithering  of  2— 5  cm  on 
the  laser  beams  was  observed.  So  beam  steering  is  likely  to  be  a  worry  at  high  pressure.  It  is  a  function  of  the  product  of 
path  length  and  the  density  gradient.  Large  gradients  can  be  tolerated  over  short  path  lengths.  The  particular  problems 
in  the  ammonia  reactor  arose  because  the  path  length  was  1 .5  metres  which  is  a  long  way. 
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J.P.Tarmn,  FR 

Dr  Price  will  give  a  brief  introduction  of  a  few  minutes  on  his  feelings  about  the  subject.  Then  we  will  invite  questions. 
Those  questions  will  be  asked  to  the  entire  batch  of  speakers  whom  you  have  heard  since  this  morning.  So  I  will  ask  all 
the  speakers  and  my  session  co-chairman.  Alan  Eckbreth,  to  stand  up  and  come  to  the  table  here  and  be  ready  to  face 
your  questions. 

I  suggest  to  make  you  more  comfortable  about  questions  that  we  do  not  write  down  the  questions  and  the  answers 
because  that  means  doubling  or  tripling  the  volume  of  effort  you  have  to  put  in.  Writing  down  the  questions  may  inhibit 
you  in  asking  questions,  so  1  think  it  better  if  we  do  not  write  down  the  questions  and  therefore  do  not  write  down  the 
answers.  I  hope  you  do  not  mind.  We  will  have  a  freer  discussion.  I  believe  that  this  is  better  in  encouraging  more 
exchange  of  views. 

R.B.Prtce,UK 

I  hope  that  like  myself  you  will  have  drawn  some  encouragement  from  what  you  have  heard  today  as  regards  the 
usefulness  of  CARS  as  a  practical  tool,  and  as  regards  the  understanding  that  has  by  now  been  achieved  and  the  ability 
to  model  CARS  spectra  1  think  that  as  far  as  applications  are  concerned  we  have  been  given  examples  of  quite  notable 
success,  ranging  from  furnaces  through  IC  engines  and  moving  on  through  subsonic  combustion  in  gas  turbine  type 
environments  to  supersonic  combustion  scram -jet  type  combustors.  As  far  as  my  own  industry  is  concerned,  and  there 
are  others  in  the  room  who  can  deal  much  better  than  I  can  with  applications  to  furnaces  and  IC  engines,  thtre  are  three 
main  applications  of  CARS  that  I  can  foresee.  All  fall  in  the  general  area  of  combustion  modelling.  I  might  add  that 
these  are  personal  views  and  do  not  necessarily  represent  the  views  of  my  company. 

The  first  application  is  in  the  field  of  radiation  modelling.  As  we  go  further  towards  stoichiometric  combustion  and 
higher  burnt  gas  temperatures,  radiation  to  the  walls  of  the  combustion  can  is  going  to  become  an  increasingly 
important  source  of  heat  transfer.  The  ability  to  predict  that  radiation  is  going  to  be  an  important  requirement  for  the 
future.  As  part  of  the  development  of  the  model  for  doing  this  and  its  validation,  the  ability  to  make  spatially  resolved 
measurements  of  both  mean  gas  temperature  and  its  pdf,  together  with  corresponding  data  for  major  species 
concentration,  within  the  environment  of  the  primary  zone  of  a  gas  turbine  combustor  is  going  to  be  very  valuable  to  us. 
Such  data  is  of  course  equally  valuable  in  validating  3D  models  of  the  combustion  process.  I  can  think  of  no  technique 
other  than  CARS  that  is  capable  of  giving  this  information  in  that  demanding  environment.  I  consider  it  worthwhile 
developing  the  CARS  technique  for  that  application  alone. 

As  far  as  the  physics  of  the  combustion  process  is  concerned,  many  of  you  will  know  that  there  are  models  which  treat  a 
turbulent  combustion  zone  as  a  composition  of  laminar  fiamelets.  One  of  the  models  whose  development  we  are 
supporting  requires  knowledge  of  the  pdf  of  temperature  as  input  for  the  calculation  of  heat  release  locally  by  the 
laminar  flamelet.  Again,  CARS  has  an  important  role  to  play  in  providing  this  information. 

Thirdly,  in  the  general  context  of  turbulence  modelling  for  combustion  flows  there  is  a  requirement  to  measure 
correlated  velocity  and  scalar  quantities.  These  measurements  will  help  us  to  assess  different  turbulent  transport  models 
and  decide  on  the  most  appropriate  ones.  Some  of  you  may  be  aware  of  the  work  that  Larry  Goss  has  been  doing  in 
generating  this  type  of  data  using  CARS  to  measure  gas  temperature  and  making  near-simultaneous  measurements  of 
velocity  by  laser  anemometry. 

So  these  are  three  examples  from  my  own  particular  industry  where  I  can  foresee  CARS  being  a  technique  that  can 
produce  valuable  data  that  is  not  going  to  be  available  to  us  by  any  other  method. 

J.P.Taran,  FR 

Now  what  1  think  is  appropriate  is  to  invite  your  questions  and  perhaps  also  ask  those  members  here  to  make 
propositions  or  suggestions. 

G,B.Krctechmcr,  CA 

In  gas  turbine  primary  zones,  you  can  easily  have  temperature  gradients  in  the  order  of  lOOOTt  per  millimetre.  That 
mean  that  with  your  3  mm,  4  mm  and  10  mm  long  measuring  volume  you  can  have  gas  at  a  lot  of  different  temperatures 
in  that  volume.  What  is  the  form  of  the  measured  mean  temperature?  I  suppose  it  is  >ot  the  true  mean  of  the 
temperatures. 

I  J.P.Taran,  FR 

I  think  I  can  try  and  answer  this  question  because  we  have  addressed  it  specifically  for  the  past  two  years.  The  problem 
is  the  data  will  be  biased  in  favour  of  the  cold  spectra  because  there  is  a  quadratic  dependency  on  density  and  they  are 
much  stronger.  We  have  conducted  computer  simraulations  of  the  spectra  that  you  would  get  by  putting  side  by  side  in 
the  same  volume  a  hot  and  a  cold  gas  and  you  find  that  if  the  temperature  gradient  is  not  too  large  you  indeed  get 
something  which  is  close  to  the  true  mean  of  the  two  temperatures,  but  certainly  if  you  are  to  increase  the  gradient  then 
you  may  get  into  trouble.  Now  I  cannot  quantify  this  because  the  data  is  not  finished  and  furthermore  we  are  working  on 
an  experimental  programme  to  verify  this.  This  is  part  of  a  one  or  two  year  programme  to  explore  the  effect  of  spatial 
resolution  on  the  data  quality  in  CARS.  So  basically  we  only  have  a  partial  answer  to  your  question.  Perhaps  others 
have  more. 


A.C.Eckhreth,  US 

I  agree  it  is  a  difficult  problem.  I  think  in  this  context  you  just  have  to  look  at  the  alternatives.  If  you  put  in  any  kind  of 
probe  which  may  have  to  be  water  cooled  to  survive  the  kind  of  conditions  that  you  envisage  then  that  probe  may  have 
to  be  many  millimetres  in  diameter.  It  is  unclear  what  kind  of  temporal  or  spatial  resolution  you  are  going  to  get  in  that 
situation.  Albeit  in  these  situations  CARS  is  not  perfect  because  of  averaging  over  the  spatial  resolution  it  may 
nevertheless  be  superior  to  what  else  is  available. 

DA-Greetdialgh,  UK 

I  would  like  to  make  a  general  comment  that  the  spatial  resolution  that  you  get  with  CARS  is  typically  3  or  4  millimetres 
long  by  1 00  microns  in  diameter,  or  something  of  that  order.  It  varies  slightly  from  system  to  system  but  that  is  typical  of 
what  you  get  with  a  lot  of  point-scanning  optical  diagnostics  and  it  will  be  wrong  to  assume  that  another  optical 
diagnostic  is  not  going  to  suffer  the  same  problems  that  we  have  with  CARS,  particularly  with  beam  steering  and  so  on. 
So  1  think  one  of  the  things  to  bear  in  mind  is  that  where  CARS  does  suffer  with  beam  steering  you  are  not  going  to 
solve  that  problems  necessarily  by  turning  to  another  optical  method. 

J.P.Taran,  FR 

To  just  add  one  comment  to  the  subject  I  was  discussing  these  problems  specifically  in  connection  with  the  work  done 
and  presented  by  Philip  Magre.  Given  the  very  hjgh  shear  in  his  experiment  some  people  expected  the  turbulent  scale  to 
be  of  the  order  of  the  Kolmogoroff  scale,  that  is  largely  sub-millimetre  in  size.  So  we  know  in  this  experiment  we  are  a 
factor  of  10  to  100  away  from  what  you  might  expect  to  be  necessary  for  adequate  spatial  resolution.  That  doesn’t  stop 
me  from  sleeping  for  the  time  being,  at  least  not  for  a  year  or  two. 

AJkiggde,  US 

I  would  like  you  to  address  the  data  rate  one  more  time.  What  I  have  got  in  mind  is  how  we  can  get  to  5000  shots  per 
second.  Let  me  pose  something  to  you.  The  Gatling  gun;  I  don’t  know  whether  they  have  got  10  barrels  or  20  barrels. 
Suppose  you  use  20  generic  lasers  all  of  a  standardised  design,  because  we  are  talking  about  limitations  on  costs,  and  let 
us  say  X  number  of  CRAYS  or  whatever  kind  of  computer  you  choose,  and  gang  them  together.  Is  it  feasible  to 
combine  a  system  with  10  to  20  different  lasers  so  you  can  get  the  rate  of  shots  up  to  1  or  2  thousand  per  second 
because  it  will  be  most  beneficial  if  you  can  do  that? 

A.C.Eckhreth,  US 

If  you  are  really  interested  in  going  to  the  extremely  high  data  rates  I  would  suggest  that  you  do  not  study  flames  that  we 
find  in  really  practical  combustion  devices  but  rather,  for  example,  turbulented  premixed  flames  or  hydrogen  air 
diffusion  flames  where  you  can  isolate  say  the  fundamental  turbulent  chemistry  that  you  want  to  study.  There  are  other 
laser  diagnostics,  for  example,  Rayleigh  scattering  which  when  properly  performed  can  give  you  temperature  rates  up  to 
the  order  of  1 5  kilohertz.  There  are  a  number  of  studies  like  this  in  the  literature  where  you  take  a  diagnostic  technique 
which  has  the  data  rate  capability  and  you  match  your  experiment  to  it.  If  you  really  want  to  study  such  problems,  say  in 
turbulent  soot-forming  combustion,  you  could  interleave  lasers  at  5C  Hz,  you  could  interleave  those  together  but  l  think 
it  would  be  very  difficult  to  find  anyone  who  would  financially  support  such  an  experiment.  So  1  would  say  for  these 
more  fundamentally  oriented  questions  the  best  solution  is  to  define  the  experiment  and  then  there  are  existing 
diagnostic  techniques  which  can  have  a  go  at  those  kind  of  problems. 

D.A.Gre«tifulgh,  UK 

I  think  you  posed  the  same  question  to  me  after  my  paper  and  I  wrote  an  answer.  First  of  all  if  you  want  to  do  a  practical 
experiment,  we  can  currently  have  2—300  millijoules  per  pulse  and  I  would  prefer  more  signal  to  mitigate  against  some 
of  the  problems  we  have  now.  Quick  calculations  say  I  am  going  to  have  a  kilowatt  of  output  from  the  frequency 
doubled  source.  Now  I  shudder  to  think  what  the  electricity  supply  required  to  do  that  is  with  about  1%  wall  plug 
efficiency.  That  is  going  to  be  a  hefty  amount  of  current  and  it  is  going  to  be  a  huge  laser.  That  would  represent  the 
facility  you  are  going  to  drive  to  do  what  you  are  asking  for  whether  you  do  it  like  a  Gatling  gun  or  you  use  a  big  barrel. 
The  alternative,  l  think,  where  there  is  a  possibility  is  the  copper  vapour  laser  which  does  get  to  the  required  power.  But 
if  you  go  to  the  high  pressure  combustion  then  you  do  no  need  the  source  of  high  power  I  am  talking  about.  We 
managed  with  a  few  millijoules  in  our  engine  spectra.  So  on  the  laser  front  1  can  see  a  possible  match  of  high  pressure 
systems  with  an  advanced  copper  vapour  laser.  Where  you  get  into  a  snag  is  if  you  want  to  do  multiplex  CARS  and  use 
the  detection  technology  you  currently  have  for  the  multi  channel  detector.  Even  if  I  crank  that  thing  up  I  do  not  think  I 
am  going  to  get  beyond  200—300  Hz.  However  solid  state  devices  are  emerging  rapidly  so  may  be  a  year  or  two  from 
now  we  might  get  there. 

ILFarrow,  US 

There  is  another  CARS  technique  that  may  have  a  bearing  on  this.  This  is  relatively  new  and  uses  a  narrow  band  laset  to 
simultaneously  probe  the  different  transitions  in  the  nitrogen  spectrum.  That  might  alleviate  some  of  the  requirements 
for  such  a  large  laser  since  it  would  be  a  narrow  band  measurement. 

DjLGreenhaigh,  UK 

That  might  be  a  bit  more  problematic  at  high  pressure. 

R.  Farrow,  US 

You  could  look  at  the  hot  band  and  the  ground-state  band,  and  that  has  been  demonstrated. 


J.P.Taran,  FR 

I  was  going  to  suggest  some  other  thing  and  eventually  will  turn  the  question  back  to  you  in  a  sense.  What  exact  problem 
do  you  warn  to  solve?  I  think  there  is  another  method  if  you  are  willing  to  trade  repetition  rate  for  spatial  resolution  or  if 
you  want  to  trade  points  in  time  for  points  in  space.  If  you  have  a  flow  you  could  either  elect  to  look  at  one  point  and 
take  measurements  at  the  same  point  in  an  equal  succession  or  you  could  sample  the  flow  all  at  one  time  but  in  different 
positions.  If  you  want  to  do  this  then  maybe  you  could  disguise  again,  and  if  you  take  your  positions  close  together  you 
could  indeed  resolve  some  fast  moving  flows  and  study  fast  phenomena  with  a  fine  spatial  resolution.  Now  clearly  there 
may  be  solutions  to  your  problem  if  the  problem  is  formulated  so  that  we  know  if  we  are  dealing  with  high  pressure,  or 
low  pressure,  what  kind  of  dominant  species  we  have  in  the  flow  and  so  on. 

Unidentified  Questioner 

Do  you  have  experience  of  CARS  usage  for  rocket  exhaust  jets  and  what  will  be  the  limitation  for  using  CARS  for  such 
flows? 

DA.Greenhaigh,  UK 

I  guess  the  two  types  of  rocket  are  the  solid  burning  and  the  liquid  burning.  In  the  solid  burning  1  think  one  of  the  things 
you  are  going  to  run  into  is  particulates  in  the  system  itself  and  therefore  some  optical  attenuation.  Apart  from  that 
there  are  obviously  the  shock  diamonds  that  you  are  going  to  have  to  cut  through  and  you  may  be  dependent  on  the 
stability  of  those  shock  diamonds  in  order  to  successfully  traverse  the  system  to  make  measurements.  1  do  not  think  that 
I  know  of  anyone  who  has  achieved  that  but  some  of  the  other  panel  members  may. 

ILFarrow,  US 

There  has  been  a  demonstration  by  Lee  Harris.  He  made  CARS  measurements  in  a  solid  double  based  propellant  not  in 
the  combustion  zone  but  just  above  it  and  he  made  single  shot  measurements  at  about  1 500*k. 

D  .A.Gt eenhalgh,  UK 

We  have  also  made  measurements  in  similar  things  and  1  would  prefer  not  to  have  to  go  back  to  some  of  the  very  rich 
systems  where  you  have  a  lot  of  fuel.  You  can  imagine  there  is  always  some  sort  of  fuel  and  oxidant  mixture  present  and 
if  you  have  got  a  lot  of  fuel,  so  the  stoichimetry  in  effect  is  greater  than  one,  then  it  is  not  easy  to  make  the 
measurements. 

A.C.Eckbreth,  US 

If  you  are  talking  specifically  about  making  measurements  in  expanded  nozzle  flows  we  are  currently  doing  some  work 
for  NASA,  Marshall  looking  at  diagnostic  techniques  for  example  to  make  measurements  in  the  exhaust  of  the  space 
shuttle  main  engine.  A  lot  depends  there  on  the  degree  of  expansion.  On  some  of  tn^se  highly  expanded  jets  the 
pressures  get  extremely  low.  As  you  have  seen,  CARS  nominally  has  a  pressure  squared  scaling  dependence.  So  if  you 
want  to  use  CARS,  one  of  the  problems  you  have  in  some  of  these  devices,  even  if  they  are  clean  and  you  do  not  have  to 
worry  about  the  refractive  effects,  is  that  the  pressure  starts  getting  quite  low  and  therefore  we  actually  have  to  relax  the 
spatial  resolution  to  get  enough  interaction  length  to  get  the  signal  up.  Now  that  might  not  be  a  really  big  constraint  and 
you  may  be  able  to  tolerate  25  mm  or  30  mm  resolution  if  you  are  looking  at  a  couple  of  metres  diameter  exhaust,  but 
that  could  be  a  problem.  In  fact  if  the  flow  is  clean  enough  spontaneous  Raman  scattering  may  become  more  sensitive 
than  CARS.  So  you  might  not  want  to  use  CARS  in  a  situation  like  that. 

T  Jackson,  US 

1  think  that  Dr  Greenhalgh  indicated  some  CARS  measurements  in  a  spray.  I  am  interested  in  measurements  in  a 
vapourising  liquid  fuel  spray.  I  wonder  if  the  panel  could  comment  generally  on  the  problems  associated  with  that 
measurement,  and  specifically  whether  there  is  a  clear  limitation  in  terms  of  droplet  concentration  that  you  have  to 
avoid? 

D.A.Greenhalgh,  UK 

Yes.  We  are  not  unique  in  making  spray  measurements;  Alan  Eckbreth  has  also  made  spray  measurements.  When  we 
made  those  measurements  there  was  certainly  a  limit  and  we  four d  that  it  is  when  you  get  down  to  about  30%— 40% 
attenuation  of  the  pump  beam  that  life  starts  to  hurt.  At  that  stage  you  tend  to  get  quite  a  lot  of  signal  drop  out  and  that 
arises  because  as  a  drop  passes  through  the  beams  themselves  it  acts  tike  a  really  weird  lens  completely  deforming  the 
laser  beam  and  l  think  that  is  the  thing  that  primarily  hurts.  One  thing  going  for  you,  unless  you  have  a  very  dense  spray, 
is  that  you  get  a  fairly  high  voidage  there  and  you  can  get  shots  in  between  the  droplets.  1  think  the  thing  that  you  really 
need  to  think  about  is  that  typically  in  some  of  the  spray  regions,  you  could  take  500  shots  but  only  300  would  go 
through  as  being  appropriate  for  analysis.  Then  you  should  be  saying  'can  1  believe  the  complete  statistics  of  the  flow  I 
have  sampled  or  is  there  some  artefact  that  has  arisen  because  of  the  fact  that  1  have  got  data  drop  out?’  1  think  actually 
in  the  core  region  of  the  spray  it  should  not  be  a  problem.  You  probably  have  more  of  a  problem  at  the  burning  front 
where  you  have  got  the  combination  of  two  effects,  beam  steering  and  droplet  effects. 

AJMcWng,  UK 

Bryn  Price  said  he  was  encouraged  by  the  process  that  was  going  on  in  CARS  and  the  fact  that  one  can  have 
temperature  and  concentration  measurements.  I  am  probably  not  alone  in  being  a  little  bit  put  off  by  seeing  some  of  the 
things  tike  third  order  susceptibilities  and  four  miles  of  computer  magnetic  tape  full  of  data.  What  about  other 
techniques  which  are  probably  a  lot  cheaper  and  do  not  give  you  proportionally  less  information,  for  example  laser 
induced  fluorescence?  Can  the  panel  comment  please? 


Dl-4 


D.A  CwnhaJgh,  UK 

The  four  miles  was  an  order  of  magnitude  out;  it  was  actually  forty  miles!  That  represents  the  actual  data  we  have 
collected.  However,  we  do  not  just  collect  CARS  data,  we  also  collect  full  cycle  pressure  data.  It  is  a  data  togging 
exercise.  1  would  not  be  at  all  surprised  if  Rolls-Royce  or  Pratt  and  Whitney  when  they  run  their  gas  turbines  do  not 
wind  up  with  similar  quantities  of  data  for  some  of  the  tests  they  do  with  or  without  CARS.  So  that  statistic  was  brought 
out  to  try  and  indicate  that  we  use  CARS  as  an  engineering  tool  on  the  test  bed.  It  is  just  another  measurement  you 
make  on  the  engine  when  it  is  running  at  a  certain  condition  along  with  other  things.  One  comment  I  would  make  is 
perhaps  a  bit  provocative  but  CARS  is  (he  only  optical  technique  that  I  know  that  has  not  fallen  short  when  it  has  got 
near  a  practical  device,  so  it  really  has  got  that  going  for  it. 

J  .P.Taran,  FR 

I  would  like  to  add  a  comment  that  if  you  can  process  your  data  in  real  time  you  do  not  end  up  with  miles  of  magnetic 
tape.  I  think  we  are  getting  close  to  this  point  really.  For  instance  in  our  case  at  ONERA,  the  simple  addition  of  a  co¬ 
processor  would  enable  us  to  operate  at  10  Hz  with  maximum  performance  in  data  processing.  So  the  situation  can  be 
improved  by  just  a  little  more  sophisticated  computer  equipment  or  data  handling.  Perhaps  Alan  Eckbreth  would  like 
to  comment  on  laser  fluorescence  because  you  raised  this  point. 

ACEckbreffi,  US 

I  thought  your  question  was  a  good  one.  There  are  a  lot  of  optical  techniques.  A  lot  of  us  have  got  into  CARS  because 
we  tried  a  lot  of  other  techniques  that  did  not  work.  In  the  gas  turbine  business,  the  things  we  are  most  interested  in,  in 
many  cases,  are  temperature  and  major  species  concentration  measurements  in  terms  of  profiling  heat  release  and  in 
measuring  efficiencies.  Fluorescence  techniques  are  primarily  suited  to  radical  species  and  are  commonly  used  in 
kinetic  studies;  if  you  will,  in  more  fundamental  studies  of  flame  chemistry.  In  many  cases  there  are  fluorescence 
thermometry  techniques.  Most  of  them  by  the  time  you  are  finished  emerge  not  being  too  unlike  CARS  in  that  you  need 
optical  multichannel  detectors,  you  need  Nd/Y  AG  pulsed  lasers  driving  narrow  band  tuneable  dye-lasers  which  have  to 
be  tuned  to  specific  transitions  and,  in  fact  in  many  cases  the  thermometry  is  not  as  well  grounded  as  CARS  is.  I  think 
CARS  is  a  technology  which  can  be  transferred  to  people  who  do  not  know  what  third  order  non  linear  susceptibilities 
are  but  it  is  very  good  to  have  some  experts  in  house  who  can  help  those  people  out  at  a  moment's  call  when  they  need 
help.  It  is  a  technology  f  think  that  is  going  to  be  somewhat  more  difficult  to  transfer  than  laser  anemometry.  Many  of 
you  are  versed  in  laser  anemometry.  You  know  those  systems  are  commercially  available  and  you  know  the  difficulties 
involved  in  doing  LDV  measurements. 

WAStange,  US 

I  believe,  Alan,  you  have  done  some  measurements  with  CARS  in  a  supersonic  combustion  facility  with  hydrogen  fault. 
Have  you  compared  calculated  temperatures  with  your  measured  temperatures? 

ACEckbrcth,  US 

In  some  internal  corporate  documents,  primarily  in  proposals,  we  have  used  those  demonstration  measurements  and 
suggested  the  plausibility  of  the  measurements,  but  at  this  point  you  should  take  those  measurements  primarily  as 
demonstrations  of  the  ability  of  CARS  to  make  measurements  in  supersonic  flows.  They  have  not  really  been  rigorously 
used  for  model  evaluation  at  this  point,  but  certainly  with  activities  in  hypersonics  increasing  at  the  rate  they  obviously 
are,  I  think  CARS  and  other  laser  diagnostic  techniques  are  very  important  for  model  validations  particularly  in  those 
supersonic  regimes  where  we  can  experimentally  access  the  flows.  The  particular  experiment  you  mention  is  not 
modelled  in  detail  so  the  answer  to  your  question  is  no.  We  do  not  have  temperatures  to  compare  from  say  two 
dimensional  CFD  calculations  of  the  flows. 

PAEStnut,  UK 

In  transferring  the  technology,  what  do  you  see  as  the  major  problems  and  do  you  foresee  a  use  for  expert  systems? 

J.P.Taran,  FR 

In  France  if  I  try  to  start  a  company  that  would  run  the  service  of  CARS  because  clearly  the  demand  is  very  high,  the 
chance  of  failure  is  also  very  high,  given  the  difficulty  of  the  expc  riments.  It  is  obvious  that  it  is  much  cheaper  to  rent 
services  for  three  months  than  to  buy  this  complex  equipment  at  something  like  a  few  hundred  thousand  dollars  and 
then  try  to  hire  the  people,  which  you  will  not  be  able  to  find  anyhow,  to  do  the  experiments  for  you,  at  least  not  within 
two  or  three  years.  So  that  is  one  approach  which  you  can  try.  The  other  possibility  is  that  you  can  iry  to  pull  the  existing 
experts  into  some  kind  of  working  force  that  would  provide  services  here  and  there  locally  but  not  moving.  That  is  one 
approach  we  are  trying  in  France  without  really  knowing  if  it  will  arrive  at  some  result  but  we  are  considering  it. 

DAGreenhalgh,  UK 

A  very  good  comment  was  made  earlier  by  Alan  that  you  can  transfer  the  technology  and  you  can  do  the  experiment 
very  successfully  without  having  a  detailed  knowledge  ot  all  factors  involved.  The  snag  arises  if  you  run  into  a  problem 
such  that  the  tougher  the  application  the  more  the  likelihood  of  that  problem  occurring.  I  think  what  people  do  need 
when  they  get  into  these  applications  is  some  sort  of  pool  of  expertise  that  they  can  draw  on  and  1  think  I  would  support 
that  proposal.  There  is  the  problem  if  you  want  an  expert  on  CARS  that  they  are  not  readily  available.  It  takes  maybe 
three  or  four  years  to  train  someone  who  really  could  be  utilised  for  consultancy  type  work  in  a  variety  of  environments 
and  I  think  that  is  probably  a  minimum  period  for  that  sort  of  role.  There  are  not  that  many  worldwide  potential 
consultants  and  so  I  would  support  Jean  Pierre  and  say  that  what  expertise  exists  does  need  to  be  used  with  care  and  to 
best  effect. 
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R.  Farrow,  US 

I  might  use  this  opportunity  to  put  in  a  plug  for  Sandia  Labs  and  the  combustion  research  facility  there.  We  have  a 
facility  worth  visiting.  Combustion  scientists  come  in  and  do  experiments  with  the  staff.  There  have  been  cases  of  people 
proposing  CARS  investigations  where  the  person  coming  in  brings  with  him  the  apparatus  where  the  measurements  are 
to  be  done.  That  has  happened  a  couple  of  times. 

DjCGreenhalgh,  UK 

1  agree  that  is  a  smart  move.  It  is  very  easy  to  see,  for  instance,  working  at  Harwell,  that  those  people  who  successfully 
imported  the  technology  from  us  are  those  people  who  have  come  to  us  and  worked  with  us.  I  think  one  of  the  reasons 
for  that  is  as  must  as  we  try  to  be  honest  in  putting  down  as  everyone  else  does  the  way  we  do  our  experiments,  there  is  a 
certain  amount  of  deep  knowledge  of  the  tricks  that  lasers  can  play  on  you  that  perhaps  does  not  always  get  through  and 
people  can  pick  this  up  very  rapidly  from  working  on  a  successful  experiment.  Perhaps  the  motto  is  go  find  yourself  a 
successful  CARS  experiment  and  get  friendly  with  it. 

M.NJt-Nlna,  PO 

My  question  is  related  to  interference  of  the  CARS  high  energy  beams  with  the  flow  itself.  A  solid  probe  interferes  with 
the  flow  in  many  ways.  To  what  extent  do  CARS  high  energy  beams  interfere  with  the  flows  that  one  wants  to  measure'* 

D.A.Greenhalgh,  UK 

There  are  some  certain  obvious  ones.  If  you  turn  the  lasers  up  to  high  intensity  levels  in  just  a  plain  gas  you  will  actually 
get  breakdown  and  that  is  to  be  avoided.  Then  there  are  a  number  of  other  aspects  with  regard  to  saturations  and  so  on 
and  Roger  Farrow  has  told  us  some  of  the  possibilities  there  are  for  distorting  the  spectrum.  You  have  to  take  a  prudent 
approach  to  your  experiment  so  that  it  is  properly  designed  to  mitigate  against  these  effects.  However,  having  done  that, 
there  are  still  circumstances  which  can  cause  problems  and  one  of  those  is  particle  laden  flows.  Particles  as  they  pass 
through  the  high  intensity  part  of  the  focus  can  induce  yet  further  breakdown  and  you  can  literally  see  sparking  in  the 
laser,  and  there  is  some  work  by  Ed  Whiting  which  addresses  that  problem.  He  looked  at  ash  laden  flows  basically  and 
we  have  seen  similar  results  in  that  type  of  system  where  you  have  particles  that  probably  are  grey-white.  But,  if  you 
have  particles  that  are  black  we  see  a  different  type  of  behaviour  which  is  also  important.  So  in  answer  to  your  question 
I  think  I  would  expect  that  the  biggest  problem  would  arise  from  particles  in  flows  and  there  is  probably  quite  a  bn  of 
work  that  needs  to  be  done  there  for  such  flows  to  figure  out  all  of  these  effects. 

■(.Fletcher,  UK 

I  think  it  is  very  worthwhile  to  take  measurements  on  ±40*K  at  some  temperatures.  At  say  2500TC  is  useful,  but  not  half 
as  useful  as  measuring  at  ±4"K  at  2500*K.  would  be  interested  to  know  whether  the  panel  think  that  such  levels  of 
accuracy  can  be  obtained?  If  so,  how  and  how  soon? 

J.P.Taran,  FR 

There  are  several  aspects  to  the  answer.  We  at  ONERA  have  tried  scanning  CARS  in  media  at  very  high  temperatures 
like  discharges  where  in  actual  fact  the  static  or  rotational  temperature  is  low  but  the  vibrational  temperature  is  very 
high,  above  4000"K.  In  principle  in  these  situations  by  scanning  CARS  again  you  should  be  able  to  get  a  temperature 
within  a  few  *K.  Unfortunately  we  then  run  into  several  problems  which  are  of  the  following  nature.  You  see  the 
different  vibrations  respond  to  the  excitation  in  different  manner  and  roughly  speaking  the  response,  that  is  the  squared 
root  of  the  CARS  intensity  which  is  what  we  get  in  the  end.  is  proportional  to  the  vibrational  quantum  state  number  plus 
one.  This  is  a  rough  approximation  and  in  fact  there  are  high  order  corrections  which  are  not  always  easy  to  calculate 
since  they  necessitate  a  deep  knowledge  of  the  molecular  potential  functions  which  are  not  always  known.  Furthermore, 
the  vibrational  saturation  also  becomes  important  in  these  high  level  vibrational  states  because  the  saturation  is 
dependent  on  the  vibrational  quantum  number  also  and  these  corrections  are  sometimes  extremely  hard  to  evaluate.  If 
we  are  talking  about  flames  and  single  shot  spectroscopy  then  of  course  the  difficulty  is  that  we  might  not  have  much 
signal  at  the  higher  temperatures  and  therefore  the  temperature  measurement  precision  might  not  be  so  good.  We  also 
have  to  spread  the  laser  energy  available  over  many  modes  and  the  signal  to  noise  ratio  per  channel  decreases  quickly. 
So.  that  is  to  give  you  a  feel  but  I  am  not  giving  you  a  specific  answer. 

D.A.Greenhalgh.  UK 

I  tend  to  support  that.  I  do  not  think  we  have  enough  CARS  signal  at  the  moment  to  intrinsically  get  that  accuracy  single 
shot.  So  we  would  certainly  have  to  improve  the  quantity  of  the  CARS  signal  we  are  getting  from  the  system  to  get 
towards  that.  Also,  Jean  Pierre  discussed  the  point  of  absolute  accuracy.  I  think  the  international  scale  for 
measurements  and  relating  to  that  as  we  move  towards  4*K  at  those  very  high  temperatures  may  prove  to  be  a 
significant  problem.  We  made  a  stab  at  that  with  our  high  temperature  lamp  and  tl.cre  is  an  enormous  amount  of 
physics  in  the  subtle  corrections  that  can  come  in  when  we  are  talking  about  1 5  or  20TC  If  you  are  going  to  4'K  I  think 
there  is  an  immense  problem  there  in  being  able  to  believe  your  measurement  in  an  absolute  sense. 

M.Z.Mittetoti,  US 

My  question  is  directed  to  Alan  Eckbreth. 

In  your  UTRC  scram  jet  tests  I  believe  you  were  running  your  primary  only  and  you  were  going  through  a  quartz 
window  with  your  CARS.  With  scram  jets  you  are  in  a  high  temperature  environment  and  there  is  another  application 
problem  caused  by  water  droplets.  Is  there  any  possible  way  of  closely  ganging  together  a  couple  of  CARS  systems  in 
parallel  close  proximity  forgetting  a  temperature  mean  because  of  your  lost  signal?  You  say  that  you  get  the  water 
droplets  to  give  distortion  and  you  lose  your  signal.  Is  there  any  way  of  getting  something  in  close  proximity  so  there  will 
not  be  that  much  of  a  temperature  gradient  but  at  least  getting  a  ball  park  of  what  the  temperature  might  be  in  that 
region. 
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A.C.Eckbreth,  US 

1  guess  I  am  having  trouble  following  your  question  on  the  water  droplets. 

MZMatteson,  US 

One  of  the  other  gentlemen  (Dr  Greenhalgh)  said  that  you  lose  your  signal  count  and  go  down  to  maybe  40%  counts  or 
something  on  that  line  and  that  you  should  question  whether  or  not  to  trust  that  count  as  being  an  accurate  statistical 
profile  of  what  your  signal  should  be.  Is  there  any  way  of  running  the  CARS  in  parallel  so  that  you  can  kind  of  match 
that  signal  to  validate  whether  it  is  accurate  or  not,  to  try  and  get  a  new  ball  park  of  your  temperature  when  you  are 
having  trouble  with  droplets  in  the  air? 

A.C.Eckbreth,  US 

Where  are  you  getting  your  water  droplets  from? 

MJLMattesoa,  US 

We  do  some  spray  cooling  occasionally  in  our  effluent  gases.  Because  of  water  particles,  you  lose  your  count  on  the 
CARS.  Is  there  any  way  of  saying  that  the  validity  of  the  CARS  signal  is  not  that  good?  Is  there  anything  in  parallel  to 
try  and  get  an  accurate  measurement. 

D. A.  Greenhalgh,  UK 

The  point  I  was  referring  to  is  this:  If  you  make  say  about  500  measurements,  you  can  only  analyse  maybe  300  of  those 
in  a  dense  two-phase  flow  region  where  you  have  got  reasonably  low  voidage  and  then  you  certainly  do  have  to  ask 
questions  as  to  exactly  whether  you  sample  the  flow  properly. 

If,  for  instance,  the  arrival  of  the  particles  that  pass  through  the  beams  is  a  purely  uncorrelated  random  process 
compared  to  the  temperature  field  you  are  sampling  then  you  probably  do  not  care  and  you  just  wait  there  twice  as  long 
until  you  have  got  a  1 000  points  and  you  are  back  to  the  original  500  valid  ones.  What  I  was  trying  to  do  was  to  put  out 
a  warning  that  if  you  do  that,  if  you  are  losing  a  lot  of  data,  then  that  might  be  happening  under  a  specific  circumstance, 
and  one  needs  to  be  aware  that  that  is  a  possibility.  In  terms  of  how  you  can  address  that  statistical  problem  I  do  not 
have  anything  to  offer  at  the  moment  other  than  to  say  we  have  got  to  think  about  that,  but  you  have  to  get  a  pretty  low 
voidage  before  that  is  a  significant  problem. 

A.C.Eckbreth,  UK 

Can  I  ask  you  where  are  you  doing  this  spray  cooling?  Is  this  external  to  the  windows  or  internally? 

MZMittewn,  US 

It  would  be  with  a  CARS  shot  on  the  back  end  of  a  nozzle  with  no  quartz  windows,  and  that  is  the  problem,  there  are  no 
quartz  windows.  With  quartz  windows  you  could  move  further  up  your  test  item  and  there  would  be  no  problem 
because  you  could  shoot  through  your  quartz  windows.  But  say  you  want  a  temperature  profile  of  the  exhaust  gases  you 
have  got  to  cool  down  the  effluent  stream  because  of  the  high  temperatures  you  are  achieving  in  the  tunnel. 

A.C.Eckbreth,  US 

I  see,  prior  to  dumping.  What  about,  say,  measuring  the  effluent  stream  just  upstream  of  where  you  are  dumping  in 
water  to  cool  it? 

MZMattewn,  US 

Well  we  might  be  wanting  to  cool  the  test  item  with  some  water  spray  also  to  lower  the  temperature.  So  it  is  hard  to  get 
around. 

A.C.Eckbreth,  US 

Physically  I  think  in  a  situation  like  that  you  start  off  with  something  very  inexpensive  like  an  helium  neon  laser  and  just 
ascertain  what  the  degree  of  attenuation  is.  Also,  obviously  if  you  are  actually  getting  films  of  water  on  lenses  or 
windows,  that  distortion  is  going  to  destroy  feasibility  fairly  quickly. 

J.P.Taran,  FR 

I  was  going  to  say  that  perhaps  windows  are  not  necessary  in  your  case. 

W.A.Strange,  US 

The  comment  I  would  like  to  make  is  that  the  sampling  rates  we  are  talking  about,  1 0, 20  or  maybe  30  Hertz,  are  really 
not  acceptable  to  a  real  experiment,  especially  in  view  of  the  fact  that  a  lot  of  people  are  doing  simultaneous 
measurements  of  a  lot  of  parameters  such  as  temperature,  pressure,  particle  size  and  velocity  and  so  on  and  so  forth. 
For  example  I  am  an  L.D.A.  user  and  a  data  rate  of  1 0, 20  or  even  200  is  very  much  unacceptable  in  any  type  of  real 
situation  because  you  get  truly  different  and  inadequate  answers  in  the  velocities  and  turbulences  and  so  on  and  so 
forth.  So  with  CARS  we  are  a  long  way  away  from  a  real  instrument  that  is  useful  to  engineering.  The  other  thing  I  want 
to  say  is  that  it  seemed  that  the  CARS  technique  had  an  inherent  characteristic  of  broadening  the  temperature  that  you 
measure  from  what  l  gather.  In  a  real  application  like  in  a  turbojet  combuster  where  you  have  dilution  jets  and  you  have 
tremendous  mixing  and  high  turbulence,  you  then  really  do  not  know  what  type  of  temperature  fluctuations  you  have. 
That  knowledge  is  a  very  important  aspect  to  the  model  requirement  and  is  equally  what  we  are  looking  for. 


J.P.Tanut,  FR 

Shall  we  fight  back? 
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A.C.Eckbreth,  US 

I  am  not  going  to  fight  back.  I  think  they  are  very  valid  comments.  The  one  thing  I  would  say  is  perhaps  in  contrasting 
CARS  with  LDV.  When  we  are  running  at  20  or  30  Hertz  in  CARS,  we  know  when  we  are  making  a  measurement  and 
obviously  we  are  statistically  sampling  the  medium.  I  think  in  an  LDV  situation  you  are  waiting  for  a  particle  to  trigger 
when  you  get  signal.  For  very  low  data  rates  in  LDV  of  say  20  or  50  Hertz,  you  are  waiting  for  particles.  Maybe  there  is 
a  greater  chance  that  you  are  conditionally  sampling  the  flow  and  maybe  the  LDV  situation  at  low  data  rates  is  a  lot 
worse  than  the  CARS  situation  at  low  data  rates  because  there  may  be  greater  danger  for  you  to  conditionally  sample. 
In  terms  of  the  fluctuations,  as  Doug  has  mentioned,  there  are  several  approaches  in  the  literature.  Because  of  the  very 
large  signal  change  which  accompanies  a  large  fluctuation  in  temperature  then,  when  you  get  into  these  situations,  to 
keep  the  data  rate  up  you  have  to  split  the  beam  and  go  through  varying  amounts  of  attenuation  so  that  you  are  putting 
the  same  spectrum  on  the  optical  multi  channel  detector  but  with  different  degrees  of  attenuation.  At  least  one  of  those 
spectra  is  always  within  some  linear  range  so  that  the  last  problem  you  threw  out  is  in  principle  soluble  and  there  are 
people  making  measurements  with  every  pulse  despite  the  temperature  fluctuations  which  are  occurring. 

D.A.Greenhalgh,  UK 

I  think  there  is  an  interesting  piece  of  work  by  Larry  Goss  in  which  he  initially  took  some  CARS  measurements  under 
conditions  where  CARS  gives,  if  I  can  use  this  term,  "a  true  average".  It  is  a  fairly  slow  data  rate  but  it  fires  at  a 
predetermined  point  which  is  very  different  to  LD  A  where  you  are  waiting  for  the  particle  to  arrive  ana  probably  the 
measurements  you  are  going  to  make  are  Favre  averaged.  What  Larry  then  did  was  to  make  some  temperature 
measurements  where  he  conditionally  sampled  the  field  for  temperature  following  the  arrival  of  an  LDA  particle.  He 
found  that  he  indeed  got  a  temperature  shift  which  was  more  appropriate  for  the  Favre  average  expectation  of  the 
temperature.  So  I  think  you  have  to  be  careful  about  how  you  address  the  statistical  problems.  I  think  the  other 
comment  l  would  make  is  that  LDA  is  a  technique  which  has  its  own  set  of  biasing  problems  which  are  all  pretty  well 
documented  and  known.  In  my  judgement  there  does  not  seem  to  be  a  particular  stand  point  where  you  would  say  that 
CARS  is  definitely  the  worse  technique  in  terms  of  its  liabilities.  In  response  to  your  last  point,  the  temperature 
broadening  that  we  have  seen  is  inherently  instant.  The  one  thing  that  has  amazed  us  is  how  small  it  is  compared  to  the 
actual  flow  fluctuations  you  see.  which  are  abolutely  giant  by  comparison. 
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L*  session  II  trait  pour  objtctif  d«  traittr  ltt  probldaes  de  ■••urt*  de  vitesses  par  vdlociadtrie 
laaer  dans  lea  turboaachines.  Lea  eeilleurs  spdcialistes  aondiaux  dans  ca  domain#  dtaient  rduni*  et 
leura  exposds  (ainsi  qua  lea  discussions  qui  ont  suivi)  ont  permit  de  faire  le  point  dea  poasibilitds 
techniquea  actuellea  dea  appareillagea  utilisda. 

Lea  concluaiona  eaaentiellea  aont  lea  suivantes  : 

•  lea  turboaachinea  conatituent  un  environnesent  boatile  pour  1  *  application  d#  la  vdlociadtrie  laaer  : 
accda  optique  limit*  au  travers  de  petita  hublot  plana  (ou  courbea,  d'oti  dea  probldaes  de  propagation 
dea  rayona  luaineux)  et  par  la  gdomdtrie  parfoia  coaplexe  d'aubea  vrilldea  ; 

•  lea  deux  aontagea  optiquea  de  vdlociadtrie  laaer  (4  frangea  :  LDA,  LDV  ;  deux  pointa  :  LTA,  L2D  doi- 
vent  *tre  considdrds  comae  coapldmentairea  ;  lea  vdlociadtres  4  frangea  analyaent  trda  bien  dea  dcou- 
leaenta  tridiaenaionnela  trda  turbulenta,  aaia  loin  dea  paroia  que  lea  faiaceaux  laaer  heurtent 
noraaleaent  et  ndcessitent  de  largea  accda  optiquea.  Lea  vdlociadtres  deux  pointa  ont  un  aeilleur 
rapport  aignal  aur  bruit  en  prdsence  de  forte  luaidre  paraaite  et  aeaurent  dea  vitesses  trda  prda  dea 
paroia,  aaia  dana  dea  dcouleaenta  dont  le  taux  de  turbulence  n’excdde  gudre  10  %  ; 

•  lea  particulea  servant  de  traceura  de  I'dcouleaent  doivent  dtre  gdndrdea  d'une  aanidre  abondante, 
tree  une  granuloadtrie  aubaicronique,  loin  en  aaont  du  point  de  aeaure  pour  ainiaiaer  lea  perturba- 
tiona  de  la  canne  d'enaeaenceaent.  D'une  aanidre  gdndrale,  lea  adroaola  ef fectiveaent  utiliada  dana 
le  voluae  de  aeaure  aont  aal  connua  et  leur  gdndration  reate  eapirique  et  conatitue  un  caa  d'eapdee 
pour  chaque  application  ; 

•  1* utilisation  de  calculateura  perforaanta  et  travaillant  en  teapa  rdel  eat  fondaaentale  pour  rdduire 
lea  teapa  d'eeaaia  et  diagnoatiquer  tout  probldae  de  aeaure.  Une  reprdaentation  graphique  aoignde  dea 
rdaultata  (dventuelleaent  en  perspective)  eat  trda  iaportante  pour  bien  coaprendre  et  interprdter  lea 
phdnoadnea  coaplexea  exiatant  dana  dea  machinea  tournantea,  aurtout  cellea  4  aulti-dtages. 

Pour  le  futur,  adae  ai  la  vdlociadtrie  deux  pointa  eat  bien  adaptde  et  bien  que  aon  extenaion  4  la 
aeaure  non  aiaultande  de  troie  coapoaantea  aoit  en  coura  de  ddveloppeaent ,  lea  troia  sujeta  suivants 
aeablent  devoir  adriter  dea  efforts  de  recherches  iaportante  : 

•  l'enseaenceaent  dea  dcouleaenta  (propridtda  de  diffuaion  dea  adroaola,  mode  de  gdndration,  calibra¬ 
tion,  etc...)  ; 

•  1 'utilisation  de  fibres  optiquea  (pour  rendre  lea  aystdaes  plus  compacts  auprds  dea  machines)  ; 

•  le  traiteaent  du  signal  en  vdlociadtrie  4  frangea  par  une  analyse  apectrale  dea  aignaux  nuadrisds  en 
aortie  dea  photoaultiplicateura  :  cette  technique  doit  conduire  4  un  rapport  signal  aur  bruit  dqui va¬ 
lent  4  celui  d'un  vdlociadtre  deux  points  prda  d'une  paroi,  aaia  avec  toua  lea  avantagea  de  la  vdlo¬ 
ciadtrie  4  frangea  pour  sonder  lea  dcouleaenta  turbulenta. 


1.  ivnoDucnoH 

Ce  rapport  essaye  de  ddgager  lea  iddes  iaportantea,  parfoia  nouvellea,  de  chaque  exposd,  afin  que 
le  lecteur  puiaae  accdder  plus  rapideaent  4  1 ' information  prdciae  qu'il  recherche. 

Certains  textea  aont  plus  orientda  vers  la  vdlociadtrie  4  frangea,  d’autres  vers  la  vdlociadtrie  4 
barridrea  optiquea  (2  points,  2  traits)  ;  aaia  la  coaparaison  dea  adntes  reapectifa  dea  deux  techni¬ 
quea  eat  donnde  salon  diffdrenta  aspects  dans  pluaieura  papiera.  II  en  eat  de  adae  pour  l'enseaenceaent 
de  I'dcouleaent,  pour  lequel  dea  iddea  aont  4  prendre  dans  chaque  coaaunication,  en  plus  de  1' exposd 
gdndral  de  4.  Mailing. 

Aprds  cette  analyse  texts  par  texte,  las  conclusions  essentielles  sont  rasseabldes  et  des  recoa- 
aandations  pour  des  recherches  futures  sont  expriades. 

2.  XVrOUUTXORI  XHPORTARTSI  CONTIJfUSI  DARI  LSI  DimUYTI  PAPISM 

2.1  Papier  n"6  -  Laaer  fringe  aneaoaetry  for  aero  engine  components 
A.  Straxisar  -  RASA  Levis  (USA) 

-  Un  bref  rappel  de  principe  de  la  vdlociadtrie  4  f ranges  est  donnd  :  assure  d'une  coaposante, 
puis  de  deux,  quelques  montages  tri&iaensionnels  (siaultands  ou  non) .  Les  formulas  dormant  Is  degrd  de 
confiance  dans  les  valsurs  eoyennes  de  vitesse  et  de  taux  de  turbulence  perasttent  d'sstiaer  le  noabre 
de  assures  ndeessaires  pour  obtenir  une  prdcision  voulue. 

-  De  nouveaux  types  de  vdlociadtres  4  barridrea  optiquea,  readdiant  4  la  faible  cadence  d1 acquisi¬ 
tion  de  donndes  des  vdlociadtres  2  points  (surtout  en  dcouleaent  turbulent)  sont  citds  en  rdfdrences  8 
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et  18  (travaux  OH ERA  et  NASA  Levis  sur  des  vdlocindtres  2  traits  ou  2  traits  dddoublds)  . 

-  La  quantity  da  particules  ndcessaires  4  une  cadence  d' acquisition  dlevde  est  calculde  et  aontre 
la  ndcesaitd  d'un  enseaencenent  local  en  anont  du  voluae  da  nesure  ;  l'intdrdt  des  particules  fluores- 
centes  (Rhodanine  6G  dans  de  l'alcool)  utiliades  an  liaison  avec  un  vdlociadtre  4  franges  est  expliqud. 

-  Las  diffdrentes  causes  de  difficultds  de  nesure  dans  lea  turbonachines  (et  dventuelleaent  leurs 
readdes)  sont  ddcrites  :  lunidre  parasite  due  4  des  parois  proches  du  volume  de  nesure,  gdondtrie  com- 
plexe  d'aubes  vrilldes,  places  de  veine  plates  (aais  de  petites  dimensions)  ou  eourbes  (main  ddplace- 
aent  du  voluae  de  nesure  et  modification  de  sa  gdomdtrie  thdorique) .  Des  rdfdrences  sont  donates  sur 
des  traTaux  en  cours  Atudiant  la  trajet  des  rayons  lumineux  4  travers  dee  hublots  de  forme  conplexe  et 
las  systdaes  coapensateurs  envisagds  (Ref.  20  et  21).  Des  adthodes  pour  nettoyer  les  hublots  sans  arrd- 
ter  la  machine  sont  indiqudes. 

-  Une  dtude  ddtaillde  des  diffdrentes  aanidres  d'acqudrir  et  de  tr niter  les  assures  de  vitesse,  au 
niveau  d'un  rotor  auni  de  N  aubes,  avec  un  voluae  de  assure  fixe,  est  fournie  ;  salon  les  possibilitds 
du  calculateur,  certaines  informations  sont  perdues  :  une  hidrarchie  est  mdme  dtablie.  La  meilleure  fa- 
gon  de  procdder  consists  4  dater  tous  les  dvdnements  et  4  les  replacer  a  posteriori  salon  leur  date  4 
la  position  od  ils  ont  dtd  acquis  relativenent  aux  aubes.  Hdannoins  un  contrdle  en  temps  rdel  du  nombre 
de  assures  acquises  non  seulenent  globalenent,  aais  par  classes,  est  important  pour  dviter  un  manque 
total  d' informations  4  certains  endroits  de  la  roue. 

La  reprdsentation  graphique  tridiaensionnelle  des  rdsultats  aide  4  la  comprdhension  des  phdnomdnes  ee- 
surds  :  certains  diagramaes  sont  ainsi  prdsentds,  aais  beaucoup  d’ef forts  doivent  dtre  effectuds  dans 
ce  domains. 

-  Des  assures  de  turbulence  plus  fines  devront  dtre  mises  en  oeuvre  4  l'avenir  pour  sdparer  les 
fluctuations  aldatoires  de  vitesse  des  structures  cohdrentes-  D' autre  part,  le  ddveloppeaent  de  adtho¬ 
des  optiques  permettant  de  corrdler  vitesse,  densitd,  pression  ou  tempdrature  est  vivement  souhaitd. 


2.2  Papier  n°7  -  Laser  tvo-focus  velociaetry 
R.  Schodl  -  DPVLR  (Alleaagne) 

-  De  longs  ddveloppeaents  aathdnatiques  ont  pour  but  de  justifier  un  traitement  des  donndes  plus 
rapide  et  plus  simple  pour  obtenir  la  vitesse  moyenne  ;  aais  avec  cette  procddure,  les  informations  sur 
la  turbulence  sont  tronqudes. 

-  11  est  claireaent  mis  en  dvidence  qu'un  vdlociadtre  2  points  est  liaitd  4  1 'dtude  d'dcoulements 
de  turbulence  locale  infdtieuTe  4  10  h  car  la  probability  de  nesure  ddcrolt  trds  rapideaent  ;  la  rdduc- 
tion  de  1' intervalle  entre  les  2  points  peraet  de  aesurer  des  taux  de  turbulence  plus  dlevds  (15  4 
20  %)  aais  au  ddtrinent  d'une  aggravation  de  1‘ incertitude  de  nesure. 

-  La  distance  ainiaale  d'une  paroi  pour  obtenir  des  assures  vane  entre  0,1  et  1  am  (ou  plus),  ea- 
sentielleaeot  en  fonction  des  possibilitds  d* enseaencenent  (et  aussi  du  taux  de  turbulence). 

-  Un  vdlociadtre  2  points  capable  de  assurer  la  coaposante  de  vitesse  selon  la  direction  de  propa¬ 
gation  des  faisceaux  laser  est  claireaent  ddcrit  ;  ce  vdlociadtre  tridiaensionnel  n'effectue  en  aucun 
cas  des  assures  sinultandes  ;  sa  prdcision  de  assure,  ainsi  que  1 ' exploitation  des  rdsultats  en  vue  de 
assures  de  turbulence,  denandent  encore  de  longues  dtudes. 

-  Une  dtude  comparative  vdlociadtre  4  f ranges-vdlociadtre  2  points  est  prdsentds  en  se  basant  sur 
la  gdoadtrie  des  volumes  de  assure  respectifs  des  2  types  de  vdlocimdtres  ;  les  rdsultats  essentials 
sont  : 

•  les  plus  petites  particules  ddtectables  en  rdtrodif fusion  avec  un  vdlociadtre  2  points  sont  de 
0.15  pa  environ.  Ces  rdsultats  ne  doivent  toutefois  dtre  considdrds  que  comae  des  ordres  de 
grandeur  car  la  taille  ainiaale  ddtectable  ddpend  dnoradaent  des  caractdnstiques  de  l'optique 
rdceptrice,  y  coapris  le  photoaultiplicateur  et  le  systdae  de  traitement  du  signal  ; 

•  avec  le  mdme  enseaenceaent,  la  cadence  d'acquisition  d'un  vdlociadtre  4  franges  attaint  10  kHz 
contra  500  Hz  seulenent  en  moyenne  pour  un  vdlociadtre  2  points. 

-  En  rdfdrence  73  est  ddcrit  un  vdlociadtre  2  points,  cheque  point  dtant  dddoubld  avec  des  polari¬ 
sations  orthogonales  :  cette  disposition  optique  aadliore  li  prdcision  avec  laquelle  est  estiad  le  ma¬ 
ximum  de  cheque  impulsion  due  au  passage  d'une  particule  dans  un  point. 


2.3  Papier  n*  I  -  Seeding  gas  flows  for  laser  anemometry.  A.  Helling,  Crsnfield  Institute  of  Techno¬ 
logy  (Angleterre) 

-  Les  lois  du  mouveaent  et  du  tralnage  des  particules  sont  rappeldes. 

-  Une  revue  des  diffdrents  modes  de  gdndration  des  adrosols  est  fournie  :  atoniseurs  d'huiles,  cy¬ 
clones,  lits  fluidlsds  et  autres  pour  particules  solides. 

Les  particules  liquides  sont  gdndraleaent  sphdriques,  ce  qui  n'est  absolument  pas  le  cas  des  particules 
solides  qui  se  prdsentent  sous  forme  d'agglomdrats  polydispersds. 

-  La  mesure  de  la  taille  des  particules  rests  un  probldae  difficile  ;  les  diffdrentes  adthodes 
couraament  employdes  sont  ddcrites  :  microphotographie  aprds  prdldveaent,  rdponse  4  un  choc,  diffrac¬ 
tion,  diffusion  de  Hie,  absorption  ;  nesure  de  la  visibility  des  franges  ;  nesure  de  ddphasages  de  si- 
gnaux  Doppler  recueillis  selon  diffdrentes  directions  d' observation. 

Le  rdsultat  des  meaures  est  toujours  la  corrdlation  de  la  distribution  rdelle  par  la  probability  de 
pouvoir  ddtecter  une  taille  donnde  par  1 'appareillage  ;  11  rests  toujours  trds  ddlicat  de  qualifier  des 
adrosols  submicroniques. 
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2.4  Papier  n°  9  -  Coaaent  choisir  un  vdlociadtre  laser  pour  une  application  donnde  ?  A.  Boutier,  OMKRA 

(France) 

-  Le  rappel  de  principe  dea  4  configurations  optiquea  poaaiblea  pour  dea  vdlociadtrea  interfdren- 
tiela  conduit,  aprds  analyae  dea  inconvdnienta  dea  nonbreux  aontagea  optiquea  poaaiblea  pour  un  vdloci- 
■4tre  bi-  ou  tri-diaensionnel,  4  la  deacription  du  vdlociadtre  tridinensionnel  4  troia  couleura  opdra- 
tionnel  en  aoufflerie. 

-  Une  4tude  d4taill4e  lur  lea  aourcea  d’iaprdcision  dans  lea  neaurea  avec  un  vdlociadre  tridinen- 
aionnel  nine  aux  concluaiona  suivantea  : 

•  l'dtalonnage  prdcis  et  rapide  avec  un  thdodolite  infornatisd  donne  en  une  1/2  heure  lea  inter- 
frangea  dea  3  conpoaantea  4  1  l  pr4a  et  la  natrice  de  paaaage  dea  conpoaantea  aesurdes  4  un  rd- 
fdrentiel  lid  4  la  aoufflerie,  ainai  que  divers  anglea  utilea4  1 1 expdriaentateur  avec  une  prdci- 
aion  de  0,1°  ; 

•  lea  anglea  entre  conpoaantea  neaurdea  doivent  dtre  lea  plua  granda  poaaiblea  (voisins  de  90°  et 
au  moina  60°)  afin  de  niniaiaer  1' incertitude  aur  la  vitesse  aoyenne  (l'enploi  de  ndlangeura 
dlectroniquea  dtant  peu  recoaaandd  car  ndceaaitant  dea  filtragea)  et  aurtout  afin  de  rdduire 
1’ importance  de  "particulea  virtuelles"  dans  la  ddternination  du  tenseur  de  Reynolds  ; 

•  pour  obtenir  dea  adrosols  subnicroniques,  il  eat  recoaaandd  de  vaporiser  dea  huilea  diludea  dans 
dea  solvents  (alcool,  trichlordthyldne)  et  aurtout  dea  billea  de  latex  calibrdes.  Vers  lea  hau- 
tea  teapdratures  (2700  K  aaxiaua) ,  une  poudre  de  ZrOf  fournit  une  granuloadtrie  polydiaperade 
infdrieure  4  1  in,  alora  qu'AlsOa  donne  syatdaatiqueaent  dea  aggloadrata  de  2  ou  3  pa. 

-  L 1  utilisation  de  fibres  optiquea  en  vdlocindtrie  laser  eat  en  plein  esaor.  Actuelleaent  existent 
dea  tdtes  optiquea  de  vdlociadtrea  4  frangea  aonodiaenaionnels  de  la  grandeur  d'un  crayon,  aaia  viaant 
4  SO  aa  en  rdtrodif fusion  axiale  et  n'adnettant  que  dea  puissances  laser  liaitdes  (1  V  environ). 

-  Une  dtude  coaparative  du  rapport  signal  sur  bruit  lora  de  l'approche  de  paroia  a  dtd  aende  sur  3 
configurations  optiquea  de  vdlociadtre  laser  :  frangea,  2  points,  2  traits  ;  le  vdlociadtre  2  traits 
apparait  coaae  une  solution  de  conproais. 

-  Un  tableau  synoptique  des  capacitds  essentiellea  dea  diffdrents  types  de  vdlociadtrea  laser  per- 
aet  de  choisir  le  vdlociadtre  le  plua  approprid  au  besoin  expdriaental . 

-  Beaucoup  d'espoir  doit  dtre  fondd  aur  le  traiteaent  du  signal  par  analyae  spectrale  des  signaux 
nuadrisda  en  sortie  du  photoaultiplicateur ,  car  cela  donne  une  valeur  du  rapport  signal  aur  bruit  voi- 
sine  de  celle  d'un  vdlociadtre  2  points,  tout  en  gardant  lea  poasibilitda  de  aesure  en  dcouleaent  trda 
turbulent  (zones  de  recirculation,  etc...)  d'un  vdlociadtre  4  frangea. 

2.5  Papier  n°  10  -  Application  of  Doppler  and  transit  laser  aneaoaetry  in  saall  turbonachines.  R.L. 
Cider,  C.P.  Forster,  H.E.  Gill  -  Cranfield  Institute  of  Technology  (Angleterre) 

-  Dea  neaurea  ont  dtd  effectudes  dans  des  coapresseurs  ax i aux  et  centrifuges  avec  un  aatdriel 
Malvern,  essentiellenent  utilisd  dans  sa  version  vdlociadtre  4  frangea,  avec  traiteaent  du  signal  par 
corrdlateur  de  photons.  Les  dcoulenents  analysds  sont  particulidrenent  instables. 

-  Le  corrdlateur  de  photons  actuel  est  assez  aal  adaptd  pour  assurer  des  vitesaes  dlevdes. 

-  Pour  les  teapdratures  infdrieures  4  200®C  des  adrosols  4  base  d'huile  conviennent  coaae  tra- 

ceurs  ;  4  tenpdrature  plua  dlevde,  TiOj  initialeaent  sous  forae  d'une  poudre  de  0,2  pa,  s’aggloadre  car 
naturelleaent  hygroscopique . 

-  Les  hublots  dtaient  ddaontda  toutes  lea  40  ainutes  ;  il  ne  faut  pas  ddpoaer  aur  lea  hublots'  des 
couches  anti-reflets  car  ellea  se  ddgradent  trds  rapideaent  et  diffusent  lea  faisceaux  laser.  Une  bonne 
solution  consists  4  ddposer  un  fila  d’huile  au  ddbut  des  easais  pour  dviter  le  ddpdt  de  gouttes  d'huile 
individuelles  perturbant  les  faisceaux  laser. 

-  La  validitd  dea  rdsultats  eat  assurde  en  effectuant  des  coaparaisons  avec  d'autres  aesures,  no- 
taaaent  en  prenant  coaae  critdre  le  ddbit  nassique  :  adae  si  certains  dcarts  apparaissent,  ces  coapa- 
raisons  donnent  confiance  dana  lea  neaurea. 


2.6  Papier  n°  11  -  Laaer  velociaetry  study  of  stator-rotor  interactions  in  a  aulti-stage  gas  turbine 
compressor.  M.C.  Villiaas  -  Pratt  and  Vhitney  (USA) 

-  Un  vdlociadtre  4  frangea  aonodiaensionnel  (bientdt  transforad  en  bidiaensionnel) ,  fonctionnant 
en  rdtrodif fusion  axiale,  a  dtd  ais  en  oeuvre  avec  succds  aur  un  coapresseur  aulti-dtagea  aux  niveaux 
suivants  :  6dae  atator-7dae  rotor,  9dae  stator-lOdae  rotor  (aurtout*/  et  lldae  stator-14dae  rotor.  La 
particularitd  du  vdlociadtre  eat  d' avoir  bien  iaold  la  partie  rdcaption  de  toua  les  reflets  parasites 
possibles  dus  4  la  partie  daission,  et  de  travailler  avec  une  trda  grande  ouverture  :  diaadtre  de  80  aa 
de  l'optique  collectrice,  avec  une  occultation  centrale  de  54  aa  et  une  distance  de  viade  de  183  aa. 
Dea  aesures  ont  dtd  f sites  aur  des  particulea  d'huile  jusqu‘4  1,5  aa  du  aoyeu;  lea  coaposantes  sont  ae- 
surdes  4  ♦  et  -  28°  par  rapport  4  la  direction  principals  de  1 'dcouleaent,  sans  cellules  de  Bragg  ;  cet 
angle  infdrieur  4  45°  a  dtd  choisi  pour  dininuer  les  riaquea  de  biaia  angulaire. 

-  Si  le  DOP  donne  de  bonnes  particulea  au  niveau  9dae  stator-lOdae  rotor,  il  n'en  est  plus  de  adae 
au  niveau  13dae  stator-14dae  rotor,  car  lea  tenpdrature  et  pression  y  sont  plus  dlevdea.  Un  adlange  de 
DOP  et  de  ZrOs  ne  a 'eat  gudre  avdrd  aatisfaiaant  ;  de  plus  le  hublot  se  salit  trda  vite. 

-  L' acquisition  de  donndes  eat  beaucoup  plua  rapide  qu'avec  un  vdlociadtre  2  points  :  une  dizaine 
de  ainutes  contre  2  h  pour  la  adae  accumulation  d' informations. 
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-  La  reprdsentation  d«i  histogramaos  de  httiii  pour  une  position  angulaire  do  la  roue  pout  mottro 
on  dvidence  doa  oocillationo  pdriodiquea  quand  l'histogramme  oat  bi-nodal. 

-  Une  analyse  opoctralo  par  transfornde  do  rourior  doa  fluctuations  du  modulo  ot  do  1‘ angle  do  la 
vitesse  avoc  la  position  angulairo  par  rapport  A  la  nachino  nontro  quo  plusiours  rotors  contribuont  aux 
flucutationa  enregistrdes  localonont.  A  partir  do  cotte  idde,  doa  traitenents  do  donndos  plus  dlabords 
sont  proposes,  qui  conduisont  k  une  neillouro  comprthension  do  l'dcoulenent  dans  uno  nachino  aussi 
complete. 

2.7  Papier  n°  12  -  Evaluation  of  L2F  noasurononts  in  unstoady  turbino  flow.  V.  Forster,  R.  Schodl,  B. 

Kruao  -  DFVLR  (Allemagne) 

Los  Acoulements  aont  souvont  pdriodiquenont  instablos  dans  los  turbonachinos  (argument  bion  dAve- 
loppd  dans  le  papier).  Le  vdlocimdtre  2  points  a  done  sondd  l'dcoulenent  ontre  lea  aubes  du  rotor,  ain- 
ai  quo  ldgdrement  on  amont  ot  on  aval. 

Pendant  toua  los  essais,  k  uno  position  radiale  ot  axiale,  lo  volume  do  mesuro  ost  fixo  ;  pour  uno 
position  des  aubes  du  rotor,  la  niso  on  oeuvre  do  la  fonction  Nnulti-fendtresH  du  systdne  d* acquisition 
do  donndos  du  vdlocimdtre  2  points  pornot  do  coanaltre  Involution  du  ebamp  do  vitosao  antra  2  aubes  du 
rotor  (16  fondtres)  ;  puis  los  aubes  du  stator  sont  tourndos  at  une  autre  sdrie  d1 essais  oat  reprise  (6 
positions  successives  du  stator  sont  ainsi  analysdes).  Knauito  lo  volume  do  mosuro  ost  ddplacd  radiale- 
■oat,  puis  axialomont,  k  diffdrentea  positions,  avoc  tou jours  la  rndme  proedduro  d’ acquisition  do  don¬ 
ndos.  Cos  essais  peraettent  do  visualisor  la  ddformation  des  distributions  spatialos  d'dnergio  turbulen- 
to  on  fonction  du  temps  dans  un  canal  inter-aube  du  rotor  (film  prdsentd  lors  du  congrda) . 

Cette  application  net  bien  on  dvidence  toutos  los  possibilitds  do  la  vdlocimdtrio  2  points,  on 
liaison  avoc  un  systdne  informatique  dlabord. 


2.8  Papior  n°  13  -  Combined  fringe  and  Fabry-Perot  laser  anemometer  for  throe  component  velocity  mea¬ 
surements  in  turbine  stator  cascade  facility.  R.C.  Seasholtx,  L.J.  Goldman.  MSA  Levis  (USA) 

Un  vdlocimdtre  tridinensionnel  non  sinultand  a  dtd  construit  avoc,  comma  object if,  la  possibilitd 
do  n'utilisor  qu'un  petit  hublot  comae  accds  optique. 

Lea  conposantes  axiales  et  transverses  sont  mesurdes  success ivement  avoc  un  vdlocimdtre  A  f ranges 
(fonctionnant  sur  des  particules  f luorescentes)  et  la  conposante  radiale  ost  obtonue  par  analyse  spec- 
trale  avoc  un  Fabry-Pdrot  des  ddcalages  Doppler  existent  dans  la  lumidre  diffusdo  par  les  faisceaux  la¬ 
ser  du  vdlocimdtre  A  f ranges.  Toutes  les  caractdristiques  techniques,  ainsi  quo  les  sources  d'dlargis- 
senent  instrumental  aont  bien  ddtailldes.  Les  parois  no  peuvent  dtre  approebdes  A  mo ins  do  3  mm  ;  il 
faut  accumuler  les  donndos  pendant  20  s  environ,  avoc  un  fort  ensenencenent ,  pour  obtonir  un  rdsultat 
alors  quo  le  vdlocimdtre  A  franges  les  obtient  en  moins  d'une  seconds).  Des  prdcautions 
anti-vibratoires  sont  ndeessaires  autour  du  systdne  optique,  notamment  pour  garder  une  frdquonce  laser 
bien  stable. 

II  ne  s'agit  de  mesurer  quo  des  vitesses  moyennes,  avoc  une  prdcision  de  l'ordre  de  1  %  et  de  1° 
sur  1 'orientation. 

La  nesure  de  faibles  vitesses  radiales  est  ddlicate,  car  la  raie  due  A  la  rotation  du  noyeu  ost 
trds  intense  :  la  vitesse  radiale  est  obtenue  par  diffdrence  ontre  los  spectres  obtenus  avoc  et  sans 
ensenencenent . 

La  possibilitd  d'utiliser  un  tel  moyen  d'essai  en  turbomachine  doit  dtre  rotonuo  (bion  quo  no  por¬ 
no  tt  ant  pas  des  acquisitions  rapides),  nais  dans  touts  autre  application  bdndficiant  d'un  accds  optique 
plus  confortable  ce  n'est  sOrement  pas  la  ndthode  optimale. 


2.9  Papior  n°  14  -  Velocity  and  temperature  measurements  in  a  can-type  gas-turbine  combustor.  A.F. 

Eicon,  H.V.  Heitor,  J.H.  Vhitelav  -  Imperial  College,  Londres  (Angletterre) 

Dans  une  chambre  de  combustion  fonctionnant  au  propane,  un  vdlocimdtre  laser  A  franges  monodimon- 
sionnel  (diffusion  event,  ensenencenent  avoc  des  particules  d’Al^  de  1  pm  environ)  et  un  thermocouple 
do  40  pm  do  diamdtre  (en  Rhodium-plat ine)  ont  dtd  mis  en  oeuvre  pour  connaitre  1' importance  du  rapport 
air-combustible  (AFR)  sur  les  cartes  de  vitesse  et  tompdrature  moyennes  et  les  cartes  des  fluctuations 
de  ces  mdses  quantitds. 

Une  analyse  des  erreurs  statistiques  possibles  on  vdlocimdtrio  laser  fait  surtout  apparaltro  la 
ndcessitd  do  corrigor  los  fluctuations  do  vitesse  du  biais  do  gradient  no  vitesse  moyonne.  Los  erreurs 
sur  los  manures  do  tompdrature  sont  dvaludos  47%. 

L'offot  du  AFR  ost  foible  dans  la  prenidre  partio  do  la  chambre  de  combustion,  main  a’accrolt  en 
aval.  Los  intensitds  maximalos  de  turbulence  (vitesse  ou  tompdrature)  sont  do  l'ordre  do  13  %. 

2.10  Papior  n°  15  -  The  flow  arround  a  squared  obstacle.  D.F.G.  Durao,  H.V.  Heitor,  J.C.F.  Pereira. 

Instituto  Superior  Tecnico,  Lisbonno  (Portugal) 

Lo  papier  a  dtd  prdsentd  par  lo  profossour  Hina  ot  n'a  fait  l'objet  d’aucuno  question,  los  auteurs 
n'dt  *t  pan  prdsonts. 

Los  matures  sont  effoctudos  avoc  un  vdlocimdtre  laser  monodimonsionnol  (source  laser  Re-Re  15  mV) 
dans  un  tunoel  hydrodynamiquo  (V  a  0,68  m/s)  avoc  un  systdne  do  comptago  fabriqud  A  l'Institut  nais 
sans  avantage  particulior  par  rapport  aux  conpteurs  du  commerce. 
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L' analyse  spectrale  des  fluctuations  de  vitas**,  an  aval  da  1* obstacle,  fait  apparaltra  una  varia¬ 
tion  liadaire  da  la  position  da  la  frequence  principals  avac  la  noabre  da  Reynolds  (frequence  comprise 
antra  4,7  at  0,7  Hz  pour  des  noabres  de  Reynolds  antra  14000  at  2200).  La  a ombre  da  Strouhal  ast  par 
contra  quasi  constant  at  dgal  4  0,13. 

3.  CONCLUSIONS 

Las  turbonacbinas  constituent  un  environnanent  hostile  pour  utilisar  la  vdlociadtria  laser  ;  las 
probldaes  essentials  proviannant  d'un  accds  optiqua  difficile  au  point  de  assure,  dO  4  la  gdoadtrie  da 
la  aachine  : 

-  on  na  peut  installer  que  da  petits  hublots  plans, 

-  sinon,  avac  des  hublots  courbas  (cylindriquas)  sa  pose  la  probldae  du  trajet  das  rayons  luaineux  (an 
cours  d'dtude), 

-  gdoadtrie  des  aubas  vrilldea. 

De  plus,  las  dcouleaents  dtant  confinds  dans  des  canaux  trds  dtroits,  la  luaidra  parasite  due  aux 
impacts  das  faicaaux  laser  sur  les  parois  (noyeu,  auba,  hublot)  ast  gdndraleaent  intense. 

Deux  techniques  de  vdlociadtria  laser  ont  dtd  largement  ddcritas,  avac  laurs  avantagas  at 
inconvdnients  respectifs  :  la  vdlociadtria  4  f ranges  at  la  vdlociadtria  2  points.  Cas  deux  techniques 
ne  doivent  pas  dtre  aises  an  concurrence,  aais  dtre  considdrdes  comae  coapldaantairas. 

La  vdlociadtrie  2  points  seable  actuelleaent  la  plus  approprida  pour  obtanir  das  assures  prds  das 
parois  que  las  faisceaux  laser  heurtent  perpendiculaireaent  an  raison  des  propridtds  suivantas  : 
sensibilitd  4  de  trds  petitas  particulas  (jusqu’4  0,2  an  rdtrodif fusion) ,  aeilleur  rapport  signal 
sur  bruit.  Des  rdsultats  de  aesures  trds  dlabords  sont  obtanus  notaaaant  au  DFVLR  grftca  4  un  traitaaant 
du  signal  optiaisd  pour  accdldrer  la  cadence  d' acquisition  da  donndas.  Enfin,  un  prototype  da 
vdlociadtre  2  points  tridiaensionnel  est  en  cours  d’dtude.  Una  cartographie  coapldta  d'un  canal 
interauba  dure  environ  2  heuras.  Cette  technique  de  vdlociadtre  2  points  deviant  dif f icilaaant 
applicable  dds  qua  la  taux  de  turbulence  axcdda  10  %  car  la  probabilitd  de  assure  diainue  at  si  on 
change  la  gdoadtrie  du  volume  (rdduction  de  la  distance  antra  points)  c'est  1 ' incertitude  da  assure  qui 
augment e. 

La  vdlociadtria  4  franges  doit  done  dtre  utilisde  quand  la  rapport  signal  sur  bruit  an  prdsence  da 
luaidra  parasite  le  paraet,  car  alia  constitua  un  outil  trds  parforaant  pour  la  sondaga  das  dcouleaents 
trds  turbulents.  En  adrodynaaique ,  les  trois  coaposantes  du  vactaur  vitassa  instantande  sont  nesurdes 
siaultandaant,  aais  cala  ndeessite  pour  das  assures  prdcisas  da  larges  hublots  car  las  angles  antra 
coaposantes  aasurdes  doivent  dtre  grands  (d’oh  la  difficultd  de  aisa  an  oeuvre  an  turboaachines) .  Chez 
Pratt  at  Whitney  un  vdlociadtre  aonodiaensionnal  (qui  sera  bientdt  bidiaensionnel)  ast  ais  an  oeuvre 
avac  succds  dans  das  machines  aulti-dtagas  (grdee  4  un  montage  optiqua  particuliar) .  A  NASA  Lewis,  das 
particulas  f luorascentas  sont  utilisdes  pour  s'affranchir  da  la  luaidra  parasite  due  aux  parois  (assure 
aonodiaensionnal la)  ;  il  y  a  dtd  construit  aussi  un  vdlociadtre  tridiaensionnel  :  il  assure 
successiveaent  las  coaposantes  axiala  at  tangentielle  par  un  vdlociadtre  4  franges  at  la  vitassa 
radiala  ast  obtanue  par  analyse  spectrale  avac  un  Fabry-Pdrot  da  la  luaidra  diffusda  par  las  faisceaux 
laser  du  vdlociadtres  4  franges  ;  catte  technique  na  paraet  pas  d'approchar  las  parois  4  aoins  da  3  aa 
at  ndeessite  un  fort  enseaenceaent ,  ainsi  qua  des  prdcautions  antivibratoiras. 

Il  ast  iaportant  da  soulignar  las  deux  points  suivants  apparus  lors  das  confdrancas  at  das 
discussions  : 

-  ndcessitd  d'un  traitaaant  da  donndas  an  temps  rdal  at  da  reprdsentations  graphiquas  dlabordes 
(visualisation  das  rd-’iitats  an  perspective  tridiaensionnelle)  pour  bian  coaprendre  at  intarprdtar  las 
rdsultats, 

-  iaportanca  de  1 1 enseaenceaent  an  particulas  "connuea"  ;  gdndraleaent  ca  sont  des  huiles  ou  das 
particulas  rdfractairas  qui  sont  utilisdes  comae  tracaurs  da  1  * dcoulaaant .  A  1 ’ enseaenceaent  da 
l’dcouleaent  ast  lid  la  probldae  da  nattoyaga  das  hublots  (parfois  autoaatiqua,  aais  technique  non 
gdndralisable) . 


4.  A1COOANDATIONI  POUR  L'ATWIR 

Trois  axes  da  recherches  iaportants  doivent  dtre, particulidreaent  soutanus  : 

-  Aadlioration  da  1 ' enseaenceaent  at  de  la  connaissance  de  la  granulor>trie  des  adrosols  utilisds  au 
niveau  adae  du  volume  de  aesure  du  vdlociadtre.  Une  solution  proposde  consists  4  essayer  de  gdndraliser 
1'eaploi  de  Miles  de  latex  calibrdes  ;  les  difficultds  actuelles  proviannant  de  leur  mode  de 
gdndration  at  de  leur  coOt. 

-  Utilisation  de  fibres  optiques  pour  ainiaturiser  les  dquipeaents  proches  de  la  aachine. 

-  Ddveloppeaent  de  nouvelles  techniques  de  traitaaant  du  signal  en  vdlociadtria  4  franges  (nuadrisation 
du  signal  issu  du  photoaultiplicateur,  puis  traitaaant  par  analyse  spectrale  nuadrique  dans  le 
calculateur)  qui  doivent  thdoriqueaent  conduire  4  un  rapport  signal  sur  bruit  dqui valent  4  celui  des 
vdlociadtres  2  points  prds  des  parois,  aais  avac  tous  les  avantagas  de  la  vdlociadtria  4  franges  en 
dcoulaaant  turbulent. 
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ABSTRACT 

Advances  in  flow  measurement  techniques  In  turbomachlnery  continue  to  be  paced  by  the  need  to  obtain 
detailed  data  for  use  In  validating  numerical  predictions  of  the  flovfleld  and  for  use  In  the  development 
of  empirical  models  for  those  flow  features  which  cannot  be  readily  modelled  numerically.  -Jhe  use  of 
laser  anemometry  In  turbomachinery  research  has  grown  over  the  last  14  yr  In  response  to  these  needs. 

Based  on  past  applications  and  current  developments,  Jjhls  paper  reviews  the  key  Issues  which  are  Involved 
when  considering  the  application  of  laser  anemometry  «  the  measurement  of  turbomachinery  flowflelds. 
Aspects  of  laser  fringe  anemometer  optical  design  which  are  applicable  to  turbomachlnery  research  are 
briefly  reviewed.  Application  problems  which  are  common  to  both  laser  fringe  anemometry  (LfA)  and  laser 
transit  anemometry  (LTA)  such  as  seed  particle  Injection,  optical  access  to  the  flowfleld,  and  measurement 
of  rotor  rotational  position  are  covered.  The  efficiency  of  various  data  acquisition  schemes  Is  analyzed 
and  Issues  related  to  data  Integrity  and  error  estimation  are  addressed.  Real-time  data  analysis  tech¬ 
niques  aimed  at  capturing  flow  physics  In  real  time  are  discussed.  Finally,' data  reduction  and  analysis 
techniques  are,d1scussed  and  Illustrated  using  examples  taken  from  several  LfA' turbomachlnery 
applications.  \js,, 
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INTRODUCTION 

The  first  application  of  laser  anemometry  to  the  measurement  of  turbomachlnery  flow  fields  was 
reported  by  Wlsler  and  Nosey  In  1972  (Ref.  1).  In  the  following  14  yr  the  quality  and  quantity  of  data 
generated  by  laser  anemometer  applications  In  turbomachlnery  has  continued  to  Increase  due  to  advances  in 
optics,  electronics,  and  computer  hardware.  This  data  has  been  used  to  Improve  our  understanding  of  the 
flow  physical  phenomena  In  turbomachlnery  and  to  validate  numerical  flow  analysis  schemes. 

Until  recent  years  laser  anemometer  Investigations  In  turbomachlnery  have  dealt  with  Isolated  rotors 
since  flow  analysis  techniques  have  until  recently  been  confined  to  the  steady,  axlsymmetrlc  flow  regime 
which  exists  In  the  rotor  relative  reference  frame  for  Isolated  rotor  configurations.  However,  several 
recent  experiments  have  Involved  the  use  of  laser  anemometry  In  studies  of  the  periodically  unsteady  flow 
within  the  blade  rows  In  single  stage  machines  and  between  the  blade  rows  In  multistage  machines. 

The  application  of  laser  fringe  anemometry  to  measurements  In  turbomachlnery  environments  Is  reviewed 
In  this  paper.  Example  results  are  limited  to  axial-flow  type  compressor  blading  since  most  laser  fringe 
anemometer  experiments  have  Involved  flow  surveys  In  fans  and  compressors  rather  than  turbines.  Although 
radial-type  turbomachlnery  has  been  surveyed  using  laser  anemometry,  the  majority  of  these  applications 
have  Involved  laser  transit  anemometry  due  to  the  generally  superior  ability  of  the  LTA  to  make  measure¬ 
ments  In  the  narrow  exit  channels  of  centrifugal  Impellers.  A  recent  review  of  published  results  obtained 
In  centrifugal  compressors  has  been  given  by  Kraln  (Ref.  2).  Additional  LTA  applications  will  be  covered 
In  detail  In  this  symposium  by  Schodl  and  Elder  (Refs.  3  and  4). 

FUNDAHENTALS  OF  LASER  FRINGE  ANENOHETRY 


Basic  Operating  Principles 

The  operating  principles  of  laser  fringe  anemometers  will  be  briefly  reviewed  below.  In  an  LFA  the 
laser  output  beam  Is  divided  Into  two  equal  power  beams  which  are  focussed  to  a  common  point  In  space 
which  Is  referred  to  as  the  measurement  or  probe  volume.  The  crossing  of  the  beams  In  the  probe  volume 
results  In  constructive  and  destructive  Interference  between  the  train  of  laser  light  waves  contained  In 
each  beam.  This  Interference  creates  bright  planes  of  light  created  by  constructive  Interference  sepa¬ 
rated  by  dark  planes  caused  by  destructive  Interference  as  shown  In  Fig.  1.  The  fringe  planes  are  per¬ 
pendicular  to  the  plane  which  contains  the  laser  beams  and  are  parallel  to  the  beam  bisector.  As  shown 
In  Fig.  1  the  spacing  between  bright  fringe  planes  Is  s  ■  x/( 2  sin  X) .  A  particle  which  crosses  the 
probe  volume  scatters  light  at  the  fringe  crossing  frequency,  fc.  Note  that  the  fringe  crossing  fre¬ 
quency  Is  determined  solely  by  the  component  of  particle  velocity  Ux,  which  Is  perpendicular  to  the 
fringe  planes.  The  Uy  and  Uy  components  carry  the  particle  parallel  to  the  fringe  planes  and  do 
not  therefore  contribute  to  the  fringe  crossing  frequency.  Also  note  that  while  a  rotation  of  the  plane 
containing  the  laser  beams  about  the  beam  bisector  can  be  used  to  measure  velocity  components  In  direc¬ 
tions  between  the  x-  and  y-dlrectlon,  the  line  of  sight  velocity  component  U,  cannot  be  measured. 

Figure  1  Illustrates  three  features  which  make  laser  anemometry  (or  LA)  attractive  compared  to  other 
velocity  measurement  techniques: 

(1)  The  system  output,  l.e.,  the  doppler  or  fringe-crossing  frequency.  Is  linearly  related  to  the 

velocity 

(2)  The  technique  Is  not  subject  to  drift  since  the  proportionality  between  fc  and  U„  Is 

given  by  the  laser  light  wavelength,  x,  and  beam  crossing  angle,  K,  both  of  which  are  constant  In 

time 


i 


(3)  The  technique  Is  only  sensitive  to  one  component  of  velocity 


Since  each  of  the  Incident  laser  beams  Is  circular  In  cross-section,  the  actual  probe  volume  shape 
Is  an  ellipsoid  as  shown  In  Fig.  2.  The  light  Intensity  distribution  across  each  beam  Is  Gaussian  In 
shape.  The  beam  diameter,  dg2,  defined  as  the  diameter  at  which  the  Intensity  Is  1/e2  of  the  peat 
Intensity  at  the  center  of  the  beam,  Is  typically  used  as  a  measure  of  the  beam  diameter.  Using  this 
definition  of  beam  diameter,  the  probe  volume  diameter,  da,  and  length  )a  defined  by  the  1/e2  Inten¬ 
sity  level  can  be  calculated  as  shown  In  Fig.  2.  Note  that  the  ratio  of  probe  volume  length-to-dlameter 
Is  given  by  L/d  -  l/tan(K).  Since  the  beam  crossing  angle  K  Is  usually  between  2  and  10*,  the  value 
of  L/d  Is  on  the  order  of  10  to  20. 

Another  feature  of  Gaussian  laser  beams  which  Impacts  laser  anemometer  optical  performance  Is  that 
of  beam  divergence  which  Is  Illustrated  In  Fig.  3.  The  two  Important  properties  of  the  beam  geometry 
shown  In  this  figure  are: 

(1)  the  laser  light  wave  front  radius  R(z)  Is  Infinite  only  at  the  location  of  the  beam  waist,  z  ■  0 

(2)  the  output  beam  waist  diameter  dg2  Is  related  to  the  Input  beam  waist  diameter  Dg2 

through  the  formula  dg2  .  4Af/»0g2. 

The  first  beam  divergence  property  Implies  that  the  probe  volume  fringes  will  not  be  parallel  to  one 
another  unless  the  Incident  laser  beams  cross  at  the  beam  waist.  If  the  fringe  planes  are  not  parallel, 
false  levels  of  flow  fluctuation  will  be  Indicated  since  particles  of  equal  velocity  which  pass  through 
different  parts  of  the  probe  volume  will  generate  different  fringe  crossing  frequencies  due  to  the  varia¬ 
tion  In  fringe  spacing  across  the  probe  volume.  A  laser  light  collimator  or  mode  matching  lenses  (see 
Ref.  5)  can  be  used  to  Insure  that  the  beam  waist  will  be  located  at  the  probe  volume  location. 

The  second  beam  divergence  property  shown  In  Fig.  3  Implies  that  the  probe  volume  size  can  be  con¬ 
trolled  through  control  of  the  Incident  laser  beam  diameter  0g2.  Beam  expanders  can  be  used  to 
Increase  the  beam  diameter  Dg2,  which  In  turn  reduces  the  beam  diameter  at  the  probe  volume,  dg2. 

From  the  relations  shown  In  Figs.  2  and  3  we  see  that  expanding  the  beam  diameter  Dg2  while  holding 
the  beam  separation  d  constant  results  In  a  reduction  In  probe  volume  size  and  In  the  number  of  fringes 
In  the  probe  volume.  This  results  In  an  Increase  In  the  power  density  In  each  fringe.  This  In  turn  will 
result  In  more  photons  being  scattered  from  a  given  particle  size  or  In  the  ability  to  generate  the  same 
number  of  scattered  photons  from  smaller  size  particles. 

Optical  Design  Considerations 

The  successful  design  of  an  LA  optical  system  represents  a  trade-off  between  several  conflicting 
factors.  This  Issue  can  best  be  addressed  by  considering  an  Illustrative  example. 

The  minimum  variance  which  one  may  expect  In  a  single  velocity  measurement  has  been  shown  In  Ref.  6 

to  be 

r 
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c  velocity  of  light 

h  Planck's  constant 

N  number  of  fringes 

P  laser  power 

V  velocity 

M,  probe  volume  radius 

n  PUT  quantum  efficiency 

r0  background  light  flux 

«j  particle  light-scattering  cross-section 

Q  solid  angle  of  collection  optics 

This  relation  Indicates  that  the  measurement  accuracy  Is  enhanced  by: 

(1)  reducing  flare  light  and  probe  volume  size 

(2)  Increasing  the  collection  optics  solid  angle,  the  laser  power,  and  the  number  of  fringes  In  the 

probe  volume. 

Flare  light  can  be  reduced  by  using  antlref lectlve  coatings  on  window  surfaces  and  by  optically  mask¬ 
ing  the  collection  optics.  The  solid  angle  of  the  collection  optics  can  be  Increased  by  using  large  aper¬ 
ture  (l.e  ,  small  f-number)  lenses.  However,  the  lens  diameter  and  price  Increase  for  a  given  focal 
length  as  the  f-number  decreases  and  lens  Imperfections  become  harder  to  correct. 

The  probe  volume  size  can  be  reduced  by  Increasing  Dg2  while  the  number  of  fringes  In  the 

probe  volume  can  be  Increased  by  Increasing  the  beam  crossing  angle  K.  However,  one  My  reach  a  point 

at  which  there  are  not  enough  fringes  In  the  probe  voIum  or  the  fringe  spacing  Is  too  smII.  Referring 
to  Fig.  2,  consider  the  following  example:  d  ■  22  m,  Dg2  ■  1  Me,  f  ■  200  mm.  These  paraMters 

yield  a  probe  volume  diameter  of  da  ■  131  w*  containing  23  fringes  with  a  fringe  spacing  of  S  •  4.G8  we. 

Coeaeerclally  available  counter-type  signal  processors  can  accurately  Mature  fringe  crossing  frequencies 
up  to  100  Mhz,  but  start  to  yield  less  accurate  results  for  higher  frequencies.  The  velocity  which  corre¬ 
sponds  to  a  fringe  crossing  frequency  of  fc  •  100  Mhz  Is  therefore  a  relevant  parameter  to  consider  and 
Is  equal  to  )  •  fc.S  -  468  N/sec  for  the  present  cate.  Increasing  the  Input  beam  dlaMter  Og2  by  a 
factor  of  2  would  reduce  the  probe  volume  diameter  to  66  w*  but  would  also  reduce  the  number  of  fringes  In 


the  probe  volume  to  14.  This  Is  close  to  the  eight  fringes  required  by  most  counters  end  cen  lead  to 
angle  blessing  errors  If  Bragg  shifting  Is  not  used.  The  number  of  fringes  In  the  probe  volume  could  be 
Increased  back  to  the  original  value  of  28  by  doubling  the  Input  beam  spacing,  d.  However,  this  would 
change  the  fringe  spacing  to  S  -  2.35  ixx  and  would  decrease  the  velocity  which  corresponds  to  a  fringe 
crossing  frequency  of  100  Whz  to  V  ■  235  M/sec. 

measurement  of  multiple  Velocity  Components 

There  are  many  optical  configurations  which  can  be  constructed  for  measuring  one,  two,  and  three 
velocity  components  simultaneously.  Deference  7  contains  a  rather  complete  description  of  several  one-, 
two-,  and  three-component  configurations  as  well  as  a  comparison  of  the  relative  merits  of  the  various 
configurations.  This  Issue  will  be  further  addressed  In  this  symposium  by  Boutler  (Ref.  8)  and  will 
therefore  be  only  briefly  addressed  below. 

In  turboaiachlnery  flowflelds  the  streetwise  and  circumferential  components  of  velocity  V2  and 
ve  respectively,  are  usually  much  larger  In  magnitude  than  the  velocity  component  In  the  hub-to-shroud 
direction,  vr.  In  addition,  the  radial  velocity  component  generally  lies  along  the  optical  axis  of  the  LA 
system  and  therefore  cannot  be  measured  directly,  most  LA  applications  to  date  have  therefore  been  aimed 
at  measuring  the  V2  and  Vp  velocity  components.  Increasing  emphasis  on  secondary  flow  studies  Is 
currently  generating  applications  which  require  measurement  of  the  Vr  velocity  component  as  well. 

The  simplest  method  of  measuring  velocity  magnitude  and  flow  angle  Is  to  acquire  measurements  with  a 
one-component  LA  system  at  two  different  fringe  orientations.  Use  of  a  one-component  LA  system  results 
in  two  limitations.  First,  the  statistical  error  In  velocity,  V,  and  flow  angle,  a,  measured  with  a 
single-component  system  is  greater  than  that  resulting  from  a  two-component  system  af  will  be  described 
in  the  next  section.  Second,  the  magnitude  of  the  turbulence  components  Vz  and  Vp  can  only  be 
determined  If  measurements  are  taken  In  the  z-  and  e-coordlnate  directions  or  If  measurements  are  made  at 
three  different  fringe  orientations.  If  ifwasuremefts  are  acquired  at  two  arbitrary  fringe  orientations, 
one  can  only  determine  upper  bounds  on  V2  and  Vp.  Despite  these  limitations  single  channel  LA  sys¬ 
tems  have  been  used  extensively  In  turbomachinery  applications.  The  advantages  of  a  single  channel  system 
are  Its  simplicity  and  the  fact  that  the  available  laser  power  Is  concentrated  Into  a  single  fringe 
system. 

Two-component  LA  systems  can  be  Implemented  by  using  two  colors  to  create  two  separate  measurement 
channels.  Measurement  channels  can  also  be  generated  by  using  polarization  separation  or  by  using  two 
Bragg  cells  to  achieve  frequency  separation.  If  signal  processor  logic  Is  used  to  accept  only  those 
events  for  which  a  velocity  measurement  Is  simultaneously  made  on  both  channels,  the  statistical  error  In 
calculating  V  and  »  Is  reduced  relative  to  th^  error  obtained  when  using  a  single-component  LA  system 
and  the  magnitude  of  the  turbulence  components  V2,  Vp,  and  V2Vp  will  be  directly  measured. 

Three-component  LA  systems  can  be  Implemented  by  using  three  colors  or  two  colors  plus  frequency  sep¬ 
aration  to  create  three  measurement  channels.  These  systems  are  quite  complex.  The  accuracy  with  which 
such  systems  measure  the  radial  velocity  component  Is  directly  related  to  the  off-radial  beam  separation 
angle.  These  systems  have  transmitted  beams  which  occupy  a  large  solid  angle  and  which  therefore  require 
relatively  large  windows  for  optical  access  to  the  flowfleld.  In  addition,  the  complex  blade  geometry 
found  In  most  turbomachlnes  may  prevent  such  systems  from  having  optical  access  to  large  areas  of  the 
flowfleld. 

It  should  be  noted  that  one  does  not  have  to  resort  to  a  three-component  LA  system  In  order  to  obtain 
measurements  of  the  radial  velocity  component.  A  technique  In  which  the  beams  from  a  single  channel  LA 
system  are  deflected  from  the  radial  direction  Is  described  In  Ref.  9.  This  technique  uses  measurements 
obtained  from  two  off-radial  beam  orientations  to  calculate  the  radial  velocity  component.  As  will  be 
shown  In  the  following  section,  the  statistical  error  In  the  radial  velocity  component,  Vr.  measured  by 
this  method  will  be  greater  than  If  vr  were  measured  directly  since  this  technique  utilizes  measure¬ 
ments  made  at  two  different  times. 

A  second  approach  to  the  measurement  of  radial  velocities  Is  reported  In  Ref.  10.  This  approach 
utilizes  the  window  configuration  shown  In  Fig.  4  to  enable  direct  direct  measurement  of  the  radial  veloc¬ 
ity  component  when  using  the  window  labelled  P‘.  While  this  approach  does  not  require  off-radial  deflec¬ 
tion  of  the  transmitted  beams.  It  can  only  be  used  in  regions  which  are  upstream  and  downstream  of  the 
blade  row. 

A  third  approach,  which  can  be  used  to  obtain  radial  velocity  component  measurements  within  a  blade 
row,  Is  Illustrated  In  the  right  half  of  Fig.  5.  The  transmitted  beams  enter  the  flowpath  at  the  blade 
stagger  angle  through  an  optical  access  hole  located  upstream  of  the  blade  row.  Scattered  light  Is  col¬ 
lected  In  an  off-axis  direction  through  a  window  located  over  the  blade  row.  This  optical  arrangement 
provides  measurements  of  Vr  and  a  combination  of  v2  and  V..  The  separate  V2  and  Vp  compo¬ 
nents  are  determined  using  the  conventional  approach  shown  on  the  left  In  Fig.  5.  This  approach  Is  appli¬ 
cable  only  to  a  single  stage  machine  with  no  Inlet  guide  vane.  Application  of  this  approach  to  multistage 
machines  would  require  the  use  of  fiber  optics  to  Introduce  the  transmitted  laser  beams  into  the 
flowfleld. 

Statistical  Measurements  Errors 

In  order  to  determine  accurate  estimates  of  the  mean  velocity  and  the  turbulence  properties  of  a 
flow,  many  Individual  LA  measurements  must  be  acquired  and  averaged  together.  The  mean  and  standard  devi¬ 
ation  estimated  from  the  data  are  subject  to  both  systematic  and  statistical  uncertainty.  An  analysis  of 
these  uncertainties  Is  given  In  Refs.  11  and  12.  As  shown  In  Ref.  11,  the  number  of  measurements  required 
to  establish  a  given  level  of  confidence  In  the  mean  velocity  Is  given  by 


whtre  V  Is  the  true  wean  velocity,  Vn  Is  the  Measured  mean  velocity,  (V'/V)  Is  the  true  turbulence 
Intensity,  Z  Is  the  confidence  level,  and  N  Is  the  number  of  measurements  used  to  calculate  Vn.  A 
value  of  Z  ■  1.97  corresponds  to  a  95  percent  probability  that  the  measured  mean  velocity  lies  within  the 
range  V(l  -  Cv)  <  Vn  <  V(1  ♦  Cv).  The  expression  for  the  confidence  level  for  the  rms  velocity  estimate 
Is 


where  V1  Is  the  true  rms  velocity  and  Vg  Is  the  measured  value.  Note  that  the  confidence  Intervals 
are  Inversely  proportional  to  y».  One  therefore  has  to  Increase  the  number  of  measurements  by  a  factor  of 
four  In  order  to  halve  the  confidence  Interval.  Also,  note  that  Cv  Is  proportional  to  the  turbulence 
Intensity,  V'/V,  while  Is  Independent  of  V'/v.  Since  V'/V  Is  typically  on  the  order  of  0.1  or 
less,  a  given  number  of  measurements  always  yields  a  much  better  estimate  of  the  mean  than  of  the  rms 
velocity.  These  facts  are  Illustrated  In  Table  I  which  shows  the  number  of  measurements  required  to 
establtsh  a  confidence  level  of  95  percent  for  various  values  of  V'/V. 

An  Important  point  addressed  In  Refs.  11  and  12  Is  that  the  statistical  error  In  calculating  velocity 
components  Increases  when  using  uncorrelated  data  acquired  at  different  fringe  orientations.  Oata  Is 
uncorrelated  In  a  multichannel  LA  system  If  signal  processor  logic  Is  not  used  to  enforce  simultaneity  of 
measurements  from  each  channel,  uncorrelated  data  always  occurs  when  using  a  single  channel  LA  system  to 
acquire  data  at  multiple  fringe  orientations.  The  magnitude  of  the  Increased  statistical  error  can  be 
Illustrated  by  considering  how  a  single  channel  LA  system  Is  used  to  determine  orthogonal  velocity 
components. 

Figure  6  illustrates  the  calculation  procedure  by  which  velocity  and  flow  angle  are  obtained  with  a 
single  channel  system.  Measurement  directions  1  and  2  shown  In  the  figure  are  the  directions  normal  to 
the  probe  volume  fringes.  Measured  velocities  v^  and  V2,  acquired  at  the  known  angles  6]  and  63, 
are  used  to  solve  for  the  unknown  velocity  magnitude,  V,  and  flow  angle  a.  Orthogonal  velocity  compo¬ 
nents  Vu  and  Vv  can  then  be  determined  from  V  and  a.  The  analysis  of  Ref.  11  Indicates  that  the 
confidence  levels  in  Vu  and  Vv  are  given  by  the  expressions 
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H„  and  Hv  are  multipliers  which  Indicate  the  increase  In  statistical  error  over  the  case  in  which  V) 
and  Vj  are  acquired  simultaneously.  I.e.,  H]  .  .  1  when  Vi  and  Vj  are  acquired  simultaneously. 

If  we  assume  isotropic  turbulence,  the  expressions  for  Hu  and  Hv  In  terms  of  the  geometry  of  Fig.  5  are 
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Figure  7  Is  a  plot  of  these  multipliers  as  a  function  of  the  mean  fringe  orientation  angle  and  the  magni¬ 
tude  of  the  fringe  angle  difference,  -  «i .  These  results  Indicate,  for  example,  that  for  the  case  of 
01  .  10*.  »2  •  70*.  the  statistical  errors  In  determining  Vu  and  V,  are  Increased  by  factors  of  1.217 
and  1.449,  respectively  when  using  data  which  Is  not  simultaneously  acquired.  The  Impact  of  this 
Increased  statistical  error  must  be  weighed  against  the  Increased  system  complexity  when  deciding  whether 
to  use  a  single  or  multichannel  LA  system  In  a  given  application. 

Seed  Particle  Considerations 

The  tradeoffs  between  seeding  the  entire  flowfleld  or  using  a  point  source  of  seed  are  briefly  dis¬ 
cussed  below.  In  addition,  the  properties  of  a  unique  fluorescent  seed  material  are  described.  6eneral 
methods  used  to  generate  and  site  particles  and  considerations  related  to  the  particle  site  required  to 
accurately  follow  the  fluctuations  In  a  given  flowfleld  will  be  addressed  In  detail  in  this  symposium  by 
Helling  (Ref.  13). 

When  performing  laser  fringe  anemometer  measurements  In  a  gas  It  Is  usually  necessary  to  Introduce 
seed  particles  Into  the  flowfleld  for  two  reasons.  First,  the  number"  of  particles  which  are  naturally 
present  In  atmospheric  air  In  the  0.5  to  1.0  we  range  Is  generally  not  sufficient  to  yield  adequate  data 
rates.  Second,  by  generating  and  Injecting  seed  particles  Into  the  flow  one  can  control  the  size  distri¬ 
bution  of  the  scattering  particles  and  can  therefore  control  to  some  degree  the  accuracy  with  which  the 
seed  particles  follow  the  flow. 

When  designing  an  LA  experiment  one  must  decide  whether  to  seed  the  entire  flowfleld  (full  coverage) 
or  to  seed  only  the  stream  tube  which  passes  through  the  measurement  volume  (point  Injection).  Both 
methods  are  used  In  practice  and  the  method  chosen  Is  dependent  on  the  particle  generation  rate  of  the 
seeder  end  on  the  flowfleld  characteristics.  As  an  example  analysis  of  particle  generation  needs,  let  us 
consider  an  LA  application  which  Involves  flowfleld  measurements  In  the  turbomachinery  environment  sum¬ 
marized  below: 


turbomachine  diameter  ■  1  m 
hub/tip  radius  ratio  -  0.7 
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through  flow  velocity  •  200  m/sec 
voluae  airflow  rate  •  80  M/sec 

The  rate  at  which  particles  will  cross  the  LA  probe  voluae  Is  given  by 

8  -  d-L-V-c 

where  L  and  d  are  the  probe  voluae  length  and  diameter,  c  Is  the  particle  concentration  'n  the  flow, 
and  V  Is  the  flow  velocity. 

Comnerclally  available  seeders  are  capable  of  maximum  particle  generation  rates  of  10"  particles/ 
min.  Coupling  this  rate  with  the  volume  flow  rate  of  air  through  the  machine  yields  a  particle  density 
of  2xl0l  partlcles/A3  If  full  coverage  seeding  Is  employed.  If  typical  probe  volume  dimensions  of 
d  •  100  v”,  L  -  1  mm  are  used,  we  arrive  at  a  particle  rate  through  the  probe  volume  of 

R  .  d  L  V  c  »  (10**  m)(10-3  m)(200  m/sec)(2xl07/m3)  -  400  particles/sec. 

The  actual  LA  data  rate  will  be  less  than  this  number  since  particles  which  cross  the  probe  volume  outer 
edges  usually  do  not  scatter  enough  light  or  cross  enough  fringes  to  yield  a  valid  velocity  measurement. 
The  conclusion  to  be  drawn  from  this  particular  example  Is  that  point  Injection  of  seed  should  probably 
be  used. 

Point  Injection  of  seed  Is  most  easily  accomplished  through  a  tube  placed  upstream  of  the  measurement 
volume  as  shown  In  Fig.  8.  This  tube  must  be  placed  far  enough  upstream  to  enable  decay  of  the  wake  shed 
from  the  tube  before  the  measurement  point  Is  reached.  In  addition,  the  seed  Injection  tube  Is  usually 
carried  In  a  radial  and/or  circumferential  actuator  to  enable  seed  Injection  of  the  stream  tube  which 
passes  through  the  probe  volume  for  arbitrary  positions  of  the  probe  volume. 

A  unique  seed  material  which  has  specific  advantages  for  turbomachlnery  LA  applications  Is  the  liquid 
fluorescing  seed  described  In  Ref.  14.  This  seed  material  Is  formed  by  dissolving  an  organic  dye.  rhoda 
mine  6G,  In  a  mixture  of  benzyl  alcohol  and  ethylene  glycol.  When  Irradiated  with  light  from  the  blue  or 
green  lines  of  an  argon-ion  laser,  seed  particles  composed  of  this  dye  solution  fluoresce  In  the  orange 
band  of  the  spectrum,  as  shown  by  the  absorption  and  emission  spectra  shown  In  Fig.  9(a).  By  placing  a 

narrow  band  orange-pass  filter  In  the  LA  collection  optics  In  front  of  the  PAT,  one  can  optically  stop 

light  reflected  from  solid  surfaces  at  the  Incident  light  wavelength  from  entering  the  PUT.  This  enables 
one  to  make  measurements  near  hub  and  endwall  surfaces  and  within  rotating  blade  rows.  When  not  using 

fluorescent  seed,  the  light  reflected  from  solid  surfaces,  which  Is  orders  of  magnitude  higher  In  Inten¬ 

sity  than  the  light  scattered  by  the  seed  particles,  dominates  the  PAT  signal  as  the  surface  is 
approached,  l.e..  the  signal  to  noise  ratio  of  the  PAT  signal  drops  to  zero.  When  fluorescent  seed  is 
used,  the  signal  to  noise  ratio  remains  constant  as  a  solid  surface  Is  approached,  in  addition,  since  the 
light  from  the  seed  particles  Is  emitted  due  to  fluorescence  rather  than  scattered,  the  Ale  scattering 
phenomena  does  not  apply  and  the  Intensity  of  light  emitted  by  the  particles  Is  Independent  of  direction. 
The  penalty  associated  with  the  use  of  this  technique  Is  that  the  light-emitting  efficiency  of  the  rhoda- 
mlne  dye  for  a  given  size  particle  Is  generally  an  order  of  magnitude  lower  than  the  backscatterlng  effi¬ 
ciency  of  conventional  (l.e.,  nonfluorescing)  seed  parttcles  of  the  same  size,  as  shown  in  Fig.  9(b).  In 
addition,  both  blue  and  green  wavelengths  lie  In  the  absorption  band  of  rhodamlne  as  shown  In  Fig.  9(a). 
This  technique  therefore  cannot  be  used  with  two-color  LA  systems. 

Alternate  Laser  Anemometer  Aethods 

In  addition  to  laser  fringe  anemometry  there  are  several  alternate  laser  anemometry  methods  which  can 
be  used  to  obtain  quantitative  flowfleld  measurements  In  turbomachlnery.  These  methods  are  Fabry-Perot 
Interferometry;  laser  transit  anemometry  (LTA),  (also  referred  to  as  the  laser  two  focus  (L2F)  technique, 
the  tlme-of-f light  technique,  and  as  the  two-spot  technique);  and  a  hybrid  method  which  combines  features 
of  both  laser  fringe  and  laser  transit  anemometers. 

The  LFA  technique  measures  the  frequency  difference  between  the  light  scattered  from  each  Incident 
laser  beam  by  a  seed  particle.  In  contrast,  the  Fabry-Perot  technique  directly  measures  the  frequency  of 
the  scattered  light  by  using  a  Fabry-Perot  Interferometer  as  a  scanning  optical  spectrum  analyzer.  Devel¬ 
opment  of  tho  Fabry-Perot  technique  for  measurements  of  the  1 Ine-of-slght  radial  velocity  components  In  a 
turbine  cascade  has  been  reported  In  Refs.  15  and  16  and  will  be  covered  In  this  symposium  by  Seasholtz 
(Ref.  IT). 

The  laser  transit  anemometer  (LTA)  will  be  covered  In  detail  In  this  symposium  by  Schodl  (Ref.  3). 

The  principal  advantages  of  the  LTA  technique  over  the  LFA  technique  are; 

(1)  the  light  Intensity  In  the  probe  volume  Is  higher  than  In  a  laser  fringe  anemometer  which  enables 
detection  of  smaller  particles, 

(2)  the  sensitive  length  of  the  measurement  volume  In  the  llne-of-slght  direction  Is  much  shorter 
than  in  an  LFA  system  which  enables  the  acquisition  of  measurements  near  solid  surfaces, 

(3)  tho  LTA  provides  e  high  degree  of  sensitivity  In  flow  angle  measurements. 

The  principle  disadvantage  of  tho  LTA  technique  Is  that  It  yields  a  low  data  rate  due  to  the  fact 
that  the  LTA  measurement  volume  presents  a  much  smaller  'target*  which  a  particle  must  hit  In  order  to 
yield  a  velocity  measurement  (see  Fig.  10).  LTA  data  rates  diminish  rapidly  as  the  turbulence  level 
Increases  In  a  flowfleld  because  the  flow  angle  fluctuations  generated  by  turbulence  levels  of  10  percent 
or  more  are  large  enough  to  prevent  most  particles  from  crossing  both  spots. 

A  hybrid  technique  currently  under  development  Is  aimed  at  removing  this  limitation  by  expanding  the 
circular  LTA  spots  Into  elliptic-shaped  spots.  The  technique  represents  a  trade-off  between  power  density 


In  the  probe  volume  and  probe  volume  target  area.  One  approach  to  this  technique  Is  described  In  Ref.  18. 
This  technique  will  also  be  discussed  In  this  symposium  by  Boutler  (Ref.  8). 

APPLICATION  OF  LASER  ANEMOMETRY  TO  MEASUREMENTS  IN  TURBOMACHINERY 

There  are  three  major  features  of  the  turbomachinery  environment  which  make  the  application  of  laser 
anemometry  more  difficult  In  turbomachinery  experiments  than  In  external  aerodynamic  experiments: 

(1)  the  close  proximity  of  highly  reflective  surfaces  (l.e.,  hub  and  shroud  endwalls  and  blades), 

(2)  flowpath  geometry  (curved  endwalls  and  complex  blade  shapes), 

(3)  the  rotation  of  rotor  blade  rows. 

Each  of  these  Issues  will  be  addressed  In  this  section.  In  addition,  various  data  acquisition 
schemes  will  be  compared  and  the  advantages  and  limitations  of  each  scheme  will  be  discussed,  finally, 
the  need  to  provide  near  real-time  data  reduction  to  support  Intelligent  execution  of  experiments  will  be 
discussed. 

Reflected  Light  Problems  In  Turbomachinery  Applications 


Two  separate  problems  related  to  reflected  Incident  light  radiation  arise  In  LFA  turbomachinery 
applications.  The  first  of  these  problems  Is  caused  by  reflections  from  window  and  hub  surfaces  when 
making  measurements  In  the  flowpath  Inner  and  outer  endwall  regions.  Reflections  from  the  window  surfaces 
can  be  reduced  by  using  antlref lection  coatings  on  the  window.  Fluorescent  seeding  Is  an  effective  means 
of  eliminating  the  problem  of  poor  slgnal-to-nolse  ratio  caused  by  reflection  of  the  Incident  laser  beams 
from  blade  and  endwall  surfaces. 

While  fluorescent  seeding  enables  one  to  make  measurements  directly  down  to  both  the  hub  and  shroud 
endwall  surfaces,  the  proximity  to  a  solid  surface  which  one  can  achieve  with  nonf luorescent  seeding 
before  reflected  light  becomes  a  problem  Is  highly  dependent  on  the  type  of  surface  In  question  and  on  the 
design  of  the  optical  system.  It  has  been  the  author's  experience  that  for  optical  systems  with  beam 
crossing  angles  on  the  order  of  5"  or  less  employing  f/4  collection  optics  and  no  special  stops  In  the 
collection  optics,  the  closest  approach  to  a  hub  endwall  or  a  window  In  the  shroud  endwall  Is  on  the  order 
of  1  cm.  For  a  machine  with  a  diameter  of  1  m  and  a  hub/tip  radius  ratio  of  0.8,  a  distance  of  1  cm  cor¬ 
responds  to  10  percent  of  the  blade  span. 

The  second  source  of  reflected  light  In  turbomachinery  applications  Is  "blade  flash"  caused  by  pas¬ 
sage  of  the  rotor  blades  through  the  Incident  laser  beams.  The  severity  of  the  blade  flash  problem  Is 
dependent  mainly  on  the  rotational  speed  of  the  blade  row.  The  Incident  laser  beams  "walk"  up  the  surface 
of  the  blade  as  the  blade  rotates  through  them  as  shown  In  Fig.  11.  As  discussed  In  the  next  section,  the 
blades  appear  to  be  "bent"  In  this  figure  due  to  spanwlse  twist.  The  blade  surface  is  In  the  probe  volume 
Itself  for  a  very  short  time,  near  t  .  0.  However  light  can  be  reflected  from  the  surface  Into  the  col¬ 
lection  optics  at  any  point  between  time  t  .  0  when  the  probe  volume  first  Intersects  the  blade  surface 
and  time  t  >  tj,  when  the  beams  are  no  longer  blocked  by  the  blade  surface.  Reflected  light  entering 
the  collection  optics  during  time  0  <  t  <  tb  can  cause  saturation  of  the  photomultiplier  tube  (PMT). 

If  this  occurs  the  PMT  requires  a  finite  amount  of  time  to  recover  and  measurements  which  occur  during  the 
recovery  time  will  be  lost.  For  rotors  operating  at  tip  speeds  on  the  order  of  400  to  500  m/sec,  blade 
passing  frequencies  are  on  the  order  of  5  to  15  Khz,  and  time  tp  Is  on  the  order  of  7  to  20  vsec. 

However  for  low  speed  machines  this  time  can  be  at  least  an  order  of  magnitude  greater.  It  has  been  the 
author's  experience  that  reflected  light  from  blade  surfaces  does  not  cause  PMT  saturation  In  high  speed 
machines  but  can  cause  problems  In  low  speed  applications.  Fluorescent  seeding  therefore  appears  to  be 
necessary  In  high  speed  applications  only  when  measurements  In  the  proximity  of  the  hub  or  shroud  endwalls 
art  desired. 

Blade  Geometry 

One  feature  of  turbomachinery  geometry  which  Impacts  optical  access  to  the  flowfletd  Is  spanwlse 
twist  of  the  blading  as  shown  In  Fig.  12.  This  twist  leads  to  the  "bent"  appearance  of  hub-to-tlp  blade 
sections  such  as  AA  and  BB  when  viewed  In  a  streamwlse  direction.  For  blades  which  are  radially  stacked 
about  the  c.g.  of  each  section  this  bending  Is  worst  near  the  leading  and  trailing  edges.  If  the  Incident 
laser  beams  are  constrained  to  enter  the  flowpath  In  the  radial  direction,  shadowed  regions  occur  as  shown 
In  which  the  tip  blade  section  prevents  optical  access  to  the  hub  section.  The  extent  of  the  shadowed 
region  can  be  as  great  as  20  to  30  percent  of  the  blade  pitch  at  the  hub.  This  shadowing  can  be  elimi¬ 
nated  If  the  LA  optical  system  Is  capable  of  orienting  the  Incident  laser  beams  away  from  the  radial 
direction  as  shown  In  Fig.  12. 

When  acquiring  measurements  at  design  speed  operating  conditions,  use  of  the  blade  design  geometry 
Is  generally  an  accurate  method  of  calculating  the  Information  required  to  relate  the  axial  and  circum¬ 
ferential  measurement  location  to  the  blade  surface  location.  However,  at  part  speed  conditions  the  blade 
geometry  will  vary  from  the  design  geometry  due  to  deflections  caused  by  reduced  mechanical  stresses.  The 
principal  deflection  In  axial-type  blading  Is  an  untwist  or  change  In  the  blade  stagger  angle  as  shown 
schematically  In  Fig,  13(a).  The  amount  of  untwist  varies  from  rero  at  the  hub  to  a  maximum  at  the  tip. 
Axial  blading  also  experiences  some  axial  deflection  due  to  thrust  loading.  In  radial-type  blading  the 
primary  deflection  due  to  mechanical  stress  Is  a  "flowering"  of  the  rotor  disk,  which  causes  a  shift  In 
the  axial  location  near  the  rotor  exit.  These  deflections  can  be  accounted  for  by  measuring  the  actual 
location  of  the  rotor  during  data  acquisition  and  correcting  the  design  blade  geometry  as  required. 

The  blade  geometry  at  the  tip  can  be  measured  during  data  acquisition  by  positioning  the  probe  volume 
at  the  tip  radius.  If  seed  Injection  Is  turned  off,  the  fringes  are  oriented  to  measure  the  circumferen¬ 
tial  velocity  component,  and  the  laser  power  Is  reduced,  then  the  LA  signal  processor  will  perceive  the 
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blades  passing  through  the  probe  volume  as  seed  particles.  Since  velocity  measurements  will  only  occur 
over  the  blade  tip,  the  blade  circumferential  location  can  be  determined  from  the  location  at  which  mea¬ 
surements  have  occurred.  The  sensitivity  of  such  a  procedure  to  changes  In  the  blade  stagger  angle  can 
be  controlled  by  the  circumferential  resolution  of  the  LA  measurements.  Results  obtained  from  an  axial- 
flow  fan  using  the  above  procedure  are  presented  In  Fig.  13(b).  As  described  In  Ref.  19  the  measurements 
were  acquired  In  a  51.3  cm  diameter  rotor  using  a  resolution  of  1000  measurement  locations  per  blade 
pitch.  The  rotor  has  22  blades  which  yields  a  circumferential  resolution  of  0.008  mm.  The  measured 
untwist  was  1.96*0. 04*  compared  to  a  finite  element  analysis  prediction  of  2.02*.  These  measurements  also 
Indicated  that  the  blade  spacing  around  the  wheel  was  uniform  to  within  2  percent. 

Window  Design  Considerations 

Optical  access  to  wind  tunnel  models  used  In  external  aerodynamics  experiments  Is  usually  provided 
through  flat  windows  mounted  In  the  tunnel  walls.  The  use  of  flat  windows  In  turbomachinery  applications 
leads  to  distortions  In  the  outer  flowpath  due  to  shroud  curvature  In  both  the  circumferential  and  stream- 
wise  directions,  as  shown  In  Fig.  14  for  an  axial-type  blade.  This  flowpath  distortion  Is  often  greatest 
In  the  rotor  tip  region  and  can  significantly  alter  the  local  tip  clearance.  This  problem  Is  particularly 
acute  In  radial  turbomachinery  applications,  where  the  shroud  radius  of  curvature  Is  small  In  both  the 
circumferential  and  the  streamwlse  direction. 

Flat  windows  are  required  for  laser  transit  anemometer  applications,  since  the  highly  focussed 
"spots"  of  a  transit  anemometer  become  highly  defocussed  If  the  window  Is  not  flat.  This  defocussing 
reduces  the  power  density  In  each  spot  to  levels  which  are  unuseable.  Flat  windows  are  not  required  for 
laser  fringe  anemometers. 

One  solution  to  the  need  for  flat  windows  In  curved  flowpaths  Is  the  use  of  many  small  windows,  as 
shown  at  stations  5  to  14  In  Fig.  15.  Such  an  approach  Is  the  only  one  practical  for  radial-type  turbo¬ 
machines  If  one  desires  to  maintain  proper  tip  clearances  or  to  use  laser  transit  anemometry.  However, 
as  seen  In  Fig.  15,  the  use  of  many  small  flat  windows  limits  one's  ability  to  acquire  measurements  at 
arbitrary  streamwlse  locations. 

For  axial-flow  configurations.  In  which  streamwlse  radii  of  curvatures  are  relatively  large,  curved 
windows  can  be  easily  fabricated  by  heating  flat  glass  plates  to  the  yield  temperature  of  the  glass  and 
forming  the  glass  over  a  mold.  Such  windows  follow  both  the  circumferential  and  streamwlse  curvature  of 
the  flowpath  and  offer  unlimited  access  to  arbitrary  axial  and  circumferential  measurement  points  within 
the  window  boundary. 

Refraction  at  the  air-glass  Interface  on  window  Inner  and  outer  surfaces  causes  the  following 
phenomena  which  Impact  measurement  accuracy: 

(1)  The  actual  probe  volume  location  Is  translated  relative  to  the  location  which  would  have  occurred 
without  refraction  effects, 

(2)  The  Incident  laser  beams  which  generate  the  probe  volume  may  uncross  -  l.e.,  the  two  beams  will 
no  longer  lie  In  the  same  plane, 

(3)  The  beam  crossing  angle,  which  affects  the  calibration  factor  between  fringe  crossing  frequency 
and  seed  particle  velocity  may  change. 

Probe  volume  translation  will  always  occur  for  both  flat  and  curved  windows,  while  changes  In  beam 
crossing  angle  only  occur  for  curved  windows.  Beam  uncrossing  occurs  when  the  solid  angle  between  the 
Incident  laser  beam  and  the  window  surface  Is  not  equal  for  each  beam  In  a  fringe  anemometer.  Beam 
uncrossing  thus  generally  occurs  for  curved  windows  but  can  occur  for  flat  windows  when  the  beam  bisector 
Is  not  perpendicular  to  the  window  surface.  If  the  uncrossing  distance  at  the  probe  volume  location  Is 
comparable  to  the  beam  diameter,  the  beams  will  no  longer  intersect  one  another  and  the  probe  volume  will 
be  destroyed.  A  change  In  beam  crossing  angle  can  occur  only  across  a  curved  window.  The  crossing  angle 
changes  when  the  change  In  surface  normal  orientations  between  the  window  outer  and  Inner  surfaces  are  not 
the  same  for  both  laser  beams. 

The  magnitude  of  window  refraction  effects  Is  dependent  on  the  beam  crossing  angle,  the  probe  volume 
Immersion  Into  the  flow,  the  window  thickness  and  radius  of  curvature,  and  the  orientation  of  the  Incident 
laser  beams  relative  to  the  window.  These  effects  have  been  recently  studied  In  detail  for  flat  and 
cylindrical  windows  using  an  optical  ray  tracing  technique  which  Is  applicable  to  totally  general  window 
shapes  (Ref.  20).  The  Impact  of  typical  values  of  these  parameters  on  the  uncrossing  problem  Is  shown  In 
Table  II.  The  conclusion  which  one  draws  from  this  example  Is  that  relatively  thin  windows  are  required 
when  curved  windows  are  used.  We  generally  use  a  window  thickness  of  3  mm  In  our  research  rigs,  which 
have  a  diameter  of  0.51  m. 

One  very  promising  solution  to  the  uncrossing  problem  Is  presented  In  Rei  .  21.  The  procedure 
Involves  making  an  Interference  hologram  between  a  reference  beam  and  a  laser  beam  which  passes  through 
the  window  after  passing  through  the  desired  measurement  point  as  shown  In  Fig.  16.  The  hologram  can  then 
be  used  to  Introduce  an  exact  refraction-error  correction  Into  an  Incident  laser  beam  which  follows  the 
path  of  the  reference  beam  used  to  create  the  hologram.  The  hologram  deflects  the  beam  onto  the  path 
required  to  pass  through  the  window  and  the  measurement  point.  The  technique  Is  suitable  for  high  laser 
power  levels  (on  the  order  of  2  W)  due  to  the  high  transmission  efficiency  of  the  hologram.  The  only 
disadvantage  of  this  technique  Is  the  need  to  make  a  hologram  for  each  different  location  at  which  one 
wishes  to  pass  through  the  window. 

Window  Cleaning 


The  use  of  seed  Injection  Into  the  flowfleld  In  order  to  enable  LA  measurements  can  result  In  the 
accumulation  of  seed  particles  on  window  Inner  surfaces.  This  deposition  Is  due  to  large  particles  which 
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do  not  follow  the  flow  and  are  therefore  centrifuged  out  toward  the  shroud.  In  addition,  turbomachinery 
component  research  rigs  usually  have  lower  quality  oil  seals  than  flight-certified  engines,  which  can 
cause  window  contamination  due  to  oil  leakage  even  when  seed  material  Is  not  used.  An  effective  method 
of  removing  deposits  from  windows  Is  the  Injection  of  a  liquid  solvent  Into  the  flow  through  small  holes 
located  In  the  shroud  upstream  of  the  window.  Window  cleaning  by  this  method  Is  especially  effective  In 
the  region  over  the  rotor  tip,  where  the  liquid  Is  scraped  across  the  window  by  the  rotating  blades.  The 
author  has  been  able  to  wash  windows  In  single-stage  axial  compressor  applications  for  rotors  with  tip 
speeds  on  the  order  of  425  »/sec  without  reducing  the  rotor  speed,  which  allows  the  operating  point  to 
re'naln  unchanged  during  window  washing.  The  use  of  liquids  for  on-line  window  washing  may  not  be  practi¬ 
cal  for  applications  In  higher  pressure  ratio  centrifugal  compressors  and  multistage  axial  compressors. 

In  such  machines  the  flowfleld  temperature  rise  may  be  so  high  that  window  washing  liquids  would  evaporate 
or  cause  high  thermal  stresses  when  they  coat  a  hot  window. 

Measurement  of  Blade  Rotational  Position 

A  laser  anemometer  measurement  is  a  random  event  triggered  by  the  presence  of  a  seed  particle  In  the 
probe  volume.  When  acquiring  measurements  In  rotating  blade  rows  one  must  therefore  measure  the  blade  row 
rotational  position  every  time  a  velocity  measurement  occurs.  There  are  four  measurement  methods  which 
can  be  used  to  provide  this  rotational  position: 

(1)  Enable  a  measurement  window  once-per-rotor  revolution  during  data  acquisition. 

(2)  Enable  a  measurement  window  once-per-blade  passing  during  data  acquisition. 

(3)  Enable  continuous  measurement  windows  during  data  acquisition. 

(4)  Record  the  time  between  measurements  and  assign  measurement  windows  after  data  acquisition. 

Methods  (1),  (3),  and  (4)  require  a  once-per-rev  (OPR)  timing  signal  from  the  rotor  while  method  (2) 
requires  a  once-per-blade  (OPB)  timing  signal. 

The  generation  of  measurement  windows  for  the  first  three  methods  Is  shown  schematically  In  Fig.  17. 
8y  definition  a  measurement  window  Is  a  time  Interval  used  to  classify  velocity  measurements  according  to 
the  rotational  position  at  which  they  occurred.  All  velocity  measurements  which  occur  within  a  given 
window  are  spatially  averaged  across  the  width  of  the  window.  It  Is  therefore  advantageous  to  keep  the 
measurement  windows  narrow.  Since  LA  measurements  are  usually  displayed  graphically  as  discrete  measure¬ 
ment  points  across  the  blade  pitch.  It  Is  Important  to  remember  that  each  point  represents  a  spatial 
average  across  the  window  width. 

Implementation  of  methods  (2)  and  (3)  for  generating  measurement  windows  requires  the  ability  to  sub¬ 
divide  the  time  between  once-per-blade  (OPB)  and  once-per-rev  (OPR)  signals  respectively.  This  require¬ 
ment  Is  met  by  generating  pulse  trains  at  frequencies  which  are  Integral  multiples  of  the  npg  0r  OPR  sig¬ 
nal  frequencies.  These  pulses  are  accumulated  In  a  counter  which  Is  Initialized  by  each  C  8  or  OPR 
signal.  Whenever  an  LA  velocity  measurement  occurs,  the  current  counter  contents  are  recorded  with  the  LA 
measurement  as  a  (velocity,  clock  count)  data  word  pair.  The  clock  co  t  Is  then  used  to  determine  the 
measurement  window  In  which  the  velocity  measurement  occurred. 

Mote  that  a  variable  delay  after  the  once-per-rev  signal  Is  needed  In  order  to  align  the  measurement 
windows  with  the  blade  passage.  This  effect  Is  Illustrated  In  Fig.  17  by  delays  and  02  which 
are  required  for  measurement  axial  locations  ZM]  and  ZM2,  respectively.  Successful  Implementation 
of  methods  (2)  and  (3)  also  requires  the  use  of  fairly  high  frequency  pulse  generators,  as  shown  In  the 
table  below  for  two  typical  high  speed  compressor  applications. 

FREQUENCY  REQUIREMENTS  FOR  WINDOW-GENERATING 
PULSE  TRAIN 

[NB  -  number  of  rotor  blades;  BPF  -  blade  passing 
frequency;  NWP  -  number  of  windows  per  blade 
passage;  F  -  pulse  train  frequency;  WM  -  window 
width  In  microseconds] 


Machine  type 

rpm 

NB 

BPF, 

Khz 

NWP 

F, 

Khz 

— 

WW 

Centrifugal 

Main  blade 

36  000 

70 

12 

16 

192 

5.2 

Main  and  split¬ 
ter  blade 

40 

24 

16 

384 

2.6 

A«1«l 

20  000 

40 

13.3 

50 

665 

_ 

1.5 

Use  of  constant  frequency  pulse  generators  will  result  In  changes  In  the  number  of  measurement  win¬ 
dows  between  OPB  or  OPR  signals  due  to  rotor  speed  variations.  One  must  therefore  use  a  phase-locked  loop 
or  a  tracking  shaft  angle  encoder  (Ref.  22)  which  Is  capable  of  rapidly  varying  the  pulse  generation  fre¬ 
quency  In  response  to  rotor  speed  variations.  For  high  speed  applications  a  digital  shaft  angle  encoder 
Is  preferred  over  a  phase-locked  loop,  since  the  response  lag  In  phase- locked  loops  Is  generally  too  large 
to  enable  accurate  tracking  of  rev-to-rev  variations  In  rotor  speed. 

The  first  method  listed  above  Is  the  simplest,  and  involves  enabling  a  measurement  window  after  a 
known  time  delay  t  has  elapsed  after  occurrence  of  the  OPR  signal.  A  blade-to-blade  velocity  profile 
can  be  achieved  by  collecting  measurements  for  various  delay  times  t.  This  method  allows  one  to  obtain 
measurements  In  different  blade  passages  around  the  wheel.  It  Is  the  simplest  of  the  four  methods  and  was 
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therefore  used  in  early  applications  of  LA  to  turbomachinery  (see  Ref.  23  for  example).  While  It  Is  sim¬ 
ple  to  Implement  this  method  Is  also  Inefficient  since  the  measurement  window  Is  only  opened  once  per 
rotor  revolution. 

In  method  (2)  a  fixed  number  of  measurement  windows  are  generated  between  adjacent  once-per-blade 
( 0P6)  signals.  Since  the  OPB  signals  from  each  blade  are  all  Identical,  measurements  which  occur  within 
a  measurement  window  can  come  from  any  blade  passage  on  the  wheel.  This  method  Is  more  efficient  than 
method  (1)  since  It  opens  a  measurement  window  at  all  times.  However,  In  order  to  measure  the  flowfleld 
In  an  Individual  blade  passage,  the  windows  must  be  enabled  for  only  the  passage  of  Interest.  In  this 
case  data  can  only  be  acquired  during  a  clme  corresponding  to  (1/NB)  of  each  revolution,  where  Nfe  Is  the 
number  of  blades.  Reference  24  describes  the  use  of  this  method  In  a  laser  transit  anemometer  system. 

Method  (3)  essentially  opens  measurement  windows  at  all  times  and  assigns  a  unique  set  of  measurement 
windows  to  each  blade  passage.  This  technique  therefore  allows  maximum  data  acquisition  efficiency  when 
one  Is  Interested  in  obtaining  measurements  In  Individual  blade  passages.  Use  of  this  technique  In  a 
laser  fringe  anemometer  system  Is  described  In  Ref.  22- 

The  fourth  data  acquisition  method  Is  similar  to  the  method  (3)  In  that  It  assigns  a  unique  set  of 
measurement  windows  to  each  blade  passage.  This  method,  which  Is  described  In  Ref.  25  for  a  two-bladed 
propeller.  Is  shown  schematically  In  Fig.  18.  Ourlng  data  acquisition,  a  trigger  signal  Is  recorded  once- 
per-rev  along  with  the  elapsed  time  between  each  LA  measurement.  The  pltchwlse  location  of  each  measure¬ 
ment  Is  then  determined  after  data  acquisition  Is  complete  by  using  the  tlme-between-measurement  data  and 
the  triggering  pulse  (or  OPR)  data.  After  the  pltchwlse  measurement  location  Is  determined,  the  measure¬ 
ment  Is  assigned  to  the  appropriate  window.  Since  measurement  windows  are  defined  by  the  user  during 
post-run  data  processing,  this  method  allows  the  user  the  freedom  of  changing  the  width  and  number  of  the 
measurement  windows  without  rerunning  the  experiment.  In  contrast  to  methods  (1)  to  (3),  this  method  also 
enables  the  user  to  determine  the  circumferential  location  of  each  LA  measurement  within  the  measurement 
window.  This  Information  can  be  used  to  assess  the  degree  of  spatial  averaging  which  occurs  when  all 
measurements  within  a  window  are  averaged  together. 

The  four  approaches  discussed  above  are  by  no  means  the  only  methods  which  can  be  used  to  determine 
the  blade  row  rotational  position  for  each  LA  measurement.  An  approach  which  Is  a  hybrid  of  the  third  and 
fourth  approaches  discussed  above  Is  described  In  Ref.  26.  This  method  Is  similar  to  method  (4)  in  that 
It  determines  the  rotational  position  from  the  time -be tween -measurements  and  a  triggering  pulse.  However, 
In  this  method  the  triggering  pulses  are  generated  by  an  encode^  which  generates  up  to  1000  pulses/rev 
(similar  to  method  (3)),  while  In  method  (4)  the  triggering  pulsts  are  generated  once-per- rev . 

Oata  Acquisition  Methods 

The  various  methods  of  recording  rotational  position  discussed  above  allow  one  to  Implement  several 
different  data  acquisition  methods.  The  method  which  one  chooses  to  use  Is  dependent  on  the  level  of 
Information  which  one  Is  trying  to  extract  from  the  measured  flowfleld  and  on  the  level  of  flowfleld 
periodicity. 


Averaging  Methods 

The  simplest  data  acquisition  method  which  enab’es  one  to  determine  the  blade- to- blade  distribution 
of  velocity  and  flow  angle  within  a  rotating  blade  row  can  be  referred  to  as  a  "blade  average"  mode  of 
data  acquisition.  This  data  acquisition  method  can  be  implemented  using  method  (2)  discussed  above  for 
recording  the  blade  rotational  position.  When  performing  blade  average  data  acquisition  one  generates 
measurement  windows  between  successive  once  -  per -blade  s’grals.  Measurements  which  are  assigned  to  a  given 
measurement  window  can  originate  from  any  blade  passage  around  the  rotor.  When  using  this  method  one  Is 
therefore  averaging  together  the  flowflelds  which  occur  ‘n  each  Individual  passage,  and  all  information 
concerning  passage-to  passage  flowfleld  variations  Is  lost. 


A  second,  more  complex  method  of  acquiring  data  can  be  referred  to  as  a  "window  average"  mode  of  data 
acquisition.  This  method  can  be  Implemented  using  method  (3)  discussed  above  for  recording  the  blade 
rotational  position.  All  measurements  which  occur  within  a  measurement  window  are  known  to  originate  f-om 
the  particular  blade  passage  in  which  the  window  lies.  Window- average  data  acquisition  therefore  allows 
measurement  of  the  blade-to-blade  distribution  of  velocity  and  flow  angle  In  Individual  blade  passages, 
which  In  turn  allows  one  to  assess  the  level  of  passage-to-passage  flowfleld  variations  around  the  rotor. 
Although  window  average  data  acquisition  provides  more  Information  than  blade  average  methods,  Information 
concerning  the  distribution  of  the  Individual  velocity  measurements  which  occur  within  a  measurement  win 
dow  Is  still  lost  during  data  acquisition.  Blade  and  window  averaging  methods  average  together  all  mea 
surements  which  occur  within  a  given  measurement  window.  As  shown  In  Ref.  9,  If  one  records  the  number 
of  measurements,  N,  which  occur  within  each  window,  the  sum  of  the  measured  velocities,  £Vi,  1  *  1,  N, 
and  the  sum  of  the  squares  of  the  measured  velocities,  £(V^)2,  then  one  can  calculate  the  mean  and 
standard  deviation  of  the  measurements  which  occurred  within  the  window  using  the  following: 


J 


Note  that  only  five  words  of  Information,  N,  £V,  IV2,  need  to  be  recorded  for  each  measurement  window 
(one  word  for  N  which  Is  an  Integer  and  two  words  each  for  rv  and  £V2  which  are  real  numbers). 
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In  addition,  the  number  of  words  stored  Is  Independent  of  the  total  number  of  measurements  acquired 
during  a  run. 

As  shown  In  Refs.  9  and  22,  the  window  average  mode  of  data  acquisition  can  be  an  efficient  method 
of  obtaining  good  blade-to-blade  spatial  resolution  while  minimizing  computer  storage  requirements .  The 
LA  system  described  In  these  references  generates  50  measurement  windows  across  20  consecutive  blade  pas 
sages.  The  system  therefore  records  velocity  measurements  In  1000  measurement  windows  while  using  only 
5000  words  of  computer  storage.  As  discussed  In  Ref.  22  and  shown  In  Fig.  19,  the  window  number  (referred 
to  as  "shaft  position"  In  Ref.  22)  Is  used  as  an  address  In  a  stored  data  array.  This  scheme  enables 
efficient  real-time  processing  and  graphical  display  of  the  measured  data  because  the  data  Is  assigned  Its 
proper  place  In  the  data  array  as  part  of  the  measurement  process. 

Oata  Capture  Method 

The  most  complete  method  of  data  acquisition  can  be  referred  to  as  a  "data  capture"  method.  In  the 
data  capture  method,  each  Individual  velocity  measurement  which  occurs  within  a  window  Is  Individually 
recorded,  and  the  velocities  are  not  summed  during  data  acquisition.  This  data  acquisition  mode  therefore 
allows  the  user  to  examine  the  probability  density  distribution  of  the  measurements  which  occurred  within 
each  window. 

There  are  several  advantages  and  disadvantages  to  be  considered  when  deciding  which  data  acquisition 
mode  to  Implement.  The  data  capture  method  lends  Itself  to  direct  memory  access  (DMA)  transfer  of  data 
from  LA  counter  processors  to  computer  core  memory  since  all  measurements  are  recorded  without  any  aver¬ 
aging  or  summing.  However,  this  method  can  require  large  amounts  of  computer  core  memory  and  archival 
storage  relative  to  the  blade  and  window  average  methods  since  two  words  of  Information  (Integer  repre¬ 
sentation  of  measured  velocity,  window  number)  must  be  recorded  for  each  measurement. 

Consider  for  example  a  situation  In  which  one  wishes  to  record  velocity  measurements  In  25  windows 
from  blade-to-blade  across  40  Individual  blade  passages.  In  addition,  assume  that  one  wishes  to  record 
100  measurements  In  each  window  and  that  the  data  is  uniformly  distributed  among  the  windows.  Window 
average  data  acquisition  In  this  case  would  require  (25  windows/blade)  by  (40  blades)  by  (5  data  words/ 
window),  or  5000  words  of  storage.  In  contrast,  data  capture  acquisition  would  require  (25  windows)  by 
(40  blades)  by  (100  meas . /window)  by  (2  words/meas. ) .  or  200  000  words  of  storage. 

If  DMA  data  transfer  Is  used,  sorting  of  velocity  measurements  Into  a  data  array  which  Is  addressed 
according  to  window  number  cannot  be  done  In  real  time,  but  must  be  performed  either  after  data  acquisi¬ 
tion  Is  complete  or  In  parallel  with  data  acquisition.  Implementation  of  real-time  data  display  when 
using  data  capture  methods  therefore  requires  use  of  a  multitasking  computer  operating  system  or  an  Inter¬ 
ruption  of  data  acquisition  for  calculation  of  real-time  displays.  These  Issues  are  becoming  less  Impor¬ 
tant  as  the  cost  of  computer  hardware  and  software  capability  continues  to  fall. 

The  ultimate  acquisition  approach  would  be  to  Implement  data  acquisition  algorithms  which  can  auto¬ 
matically  screen  the  probability  density  distribution  acquired  In  each  window  during  capture  mode  acqui¬ 
sition.  If  the  distribution  Is  well-behaved  (l.e.,  nearly  Gaussian),  little  Information  Is  lost  by  simply 
recording  the  distribution  mean  and  standard  deviation.  The  output  of  such  an  intelligent  data  capture 
method  would  therefore  consist  of  probability  density  distributions  for  those  measurement  windows  In  which 
nonGausslan  distributions  were  detected. 

Total  Number  of  Measurements  Required 

Two  data  acquisition  Issues  which  remain  to  be  addressed  art: 

(1)  how  many  measurement  windows  are  required  across  a  blade  passage, 

(2)  how  many  measurements  are  needed  to  establish  statistical  -onfldence  in  the  data. 

The  number  of  measurement  windows  required  for  accurate  definition  of  the  flowfleld  Is  dependent  on 
the  magnitude  of  the  velocity  gradients  In  the  blade-to-blade  direction.  These  gradients  are  averaged  out 
across  a  measurement  window  during  data  acquisition  since  measurements  which  occur  anywhere  within  a  win¬ 
dow  are  effectively  assigned  to  the  center  of  the  window.  Figure  20  shows  a  blade-to-blade  Mach  number 
distribution  measured  near  the  tip  of  a  transonic  fan  blade  In  which  a  two-shock  passage  shock  system  is 
present.  The  measurements  were  acquired  using  50  measurement  windows  across  the  passage.  The  Mach  number 
distribution  shown  is  the  average  of  the  distributions  which  exist  In  each  of  the  17  blade  passages  In 
which  measurements  were  acquired.  In  Fig.  20  the  second  shock  Is  clearly  defined  when  Nwindow  *  50 
Also  shown  In  Fig.  20  are  the  Mach  number  distributions  which  would  result  from  using  25  and  12  windows 
across  the  blade  pitch.  Although  the  Impact  of  reducing  to  25  Is  minimal,  a  value  of  Ny^dow 

of  12  leads  to  an  almost  total  smearing  of  the  second  shock  and  does  not  show  the  Mach  number  Increase 
near  the  pressure  surface.  Mote  that  method  (4)  discussed  In  the  previous  section  concerning  measurement 
of  blade  rotational  position  allows  one  to  refine  window  resolution  during  post  processing  of  the  data. 

The  other  methods  of  measuring  blade  position  require  tne  user  to  fix  the  window  resolution  during  the 
measurement  process. 

As  discussed  In  the  section  on  statistical  measurement  errors  above,  the  number  of  measurements 
required  to  establish  a  given  level  of  statistical  confidence  In  the  mean  velocity,  v.  Is  related  to  the 
turbulence  Intensity.  The  number  of  measurements  required  as  a  function  of  turbulence  Intensity  was  sum¬ 
marized  In  Table  I  for  various  values  of  turbulence  Intensity  at  the  95  percent  confidence  level. 

While  a  turbulence  level  of  5  percent  Is  not  uncommon  In  the  core  flow  regions  of  turbomachinery 
blade  flowflelds,  the  turbulence  Intensity  level  within  wakes  can  rise  as  high  as  20  percent.  If  one 
desires  to  establish  a  1  percent  confidence  Interval  In  the  mean  velocity  In  a  flow  with  a  5  percent  tur¬ 
bulence  level,  then  100  measurements  are  required  for  each  window.  Acquisition  of  data  across  1000  win- 


6-1 


1 


i 


dows  would  therefore  require  a  total  number  of  100  000  measurements  to  achieve  the  desired  accuracy  In 
each  window  If  the  number  of  measurements  were  uniformly  distributed  across  all  of  the  measurement  win¬ 
dows.  In  reality  the  measurements  are  not  uniformly  distributed,  as  shown  In  Fig.  21  rfilch  shows  the 
distribution  of  the  number  of  measurements  which  occurred  during  the  measurement  of,the  Mach  number  dis¬ 
tribution  previously  shown  In  Fig.  20.  One  Is  therefore  left  with  one  of  two  choices: 

(1)  Collect  data  until  the  desired  number  of  measurements  are  achieved  In  each  window. 

(2)  Collect  the  desired  total  number  of  measurements  and  accept  an  Increase  In  statistical  error  in 

those  windows  wh'ch  have  less  than  the  desired  number  of  measurements . 

For  typical  applications,  in  which  the  time  for  data  acquisition  Is  of  concern,  the  second  choice  Is 
more  practical  than  the  first. 

On-Line  Data  Monitoring 

The  use  of  on-line  data  reduction  and  display  can  greatly  Increase  the  effective  use  of  an  LA  system 
In  any  application  even  If  the  data  acquisition  process  Is  not  totally  automated.  On-line  feedback  from 
the  measurement  process  can  Indicate  the  presence  of  poor  quality  data  and  can  also  be  used  to  ensure  the 
capture  of  relevant  flow  features. 

Figure  22,  adapted  from  Ref.  22,  shows  one  possible  real-time  display.  This  display  Is  generated 
during  a  data  acquisition  process  which  uses  SO  windows  per  blade  passage  across  20  blade  passages.  The 
display  is  updated  every  10  to  15  sec  during  a  run  and  Is  based  on  the  data  acquired  up  to  that  point  In 
the  run.  The  actual  real-time  display  Is  shown  In  the  center  of  Fig.  22  and  Is  composed  of  the  upper  and 
lower  plots  shown  In  the  figure.  The  upper  plot  Is  a  plot  of  the  velocity  profile  averaged  across  a  blade 
pitch,  l.e. ,  It  Is  calculated  by  averaging  together  measurements  made  In  all  of  the  individual  blade  pas¬ 
sages.  The  blade  suction  surface  Is  on  the  left  side  of  the  plot  and  the  blade  Itself  appears  as  the 
cross-hatched  region  on  the  right  side  of  the  plot.  The  lower  plot  In  Fig.  22  Is  a  bar  graph  which  shows 
the  number  of  measurements  acquired  In  each  of  the  1000  measurement  windows.  The  20  gaps  In  the  plot  are 
caused  by  the  20  blades  since  no  measurements  are  acquired  as  the  blade  passes  through  the  Incident  laser 
beams.  The  accumulation  of  dirt  and  fluorescent  seed  material  on  the  surface  of  the  ninth  blade  passage 
Is  causing  a  large  number  of  measurements  due  to  light  scattering  from  the  blade  surface. 

While  a  real-time  data  display  can  be  used  to  assess  the  quality  of  the  data  at  individual  survey 
locations,  a  rapid  analysis  of  survey  results  Is  needed  to  ensure  the  capture  of  relevant  global  flow 
features.  Use  of  on-line  data  analysis  can  reveal  Important  data  points  which  may  have  been  missed  during 
a  survey.  These  data  points  can  then  be  acquired  while  the  research  rig  Is  still  operating  under  the  same 
conditions  during  which  the  survey  was  performed.  An  example  of  a  case  In  which  such  a  procedure  would 
be  useful  Is  shown  In  Fig.  23  for  a  test  run  In  which  the  objective  Is  to  map  out  the  shock  location  In  a 
transonic  compressor  rotor.  The  plot  shown  In  the  figure  Is  a  streamwlse  plot  of  relative  Mach  number 
created  by  plotting  data  acquired  from  several  axial  locations  along  line  S-S  during  a  flowfleld  survey. 
Results  from  the  Initial  survey,  shown  on  the  left.  Indicate  that  the  front  passage  shock  lies  somewhere 
between  10  and  20  percent  chord  and  that  the  rear  passage  shock  lies  somewhere  between  30  and  40  percent 
chord.  If  such  a  plot  Is  available  during  the  research  run,  the  LA  operator  can  make  additional  surveys 
In  these  regions  in  order  to  more  accurately  determine  the  shock  location.  The  results  of  such  additional 
surveys,  shown  on  the  right  In  Fig.  23,  Indicate  that  the  actual  front  passage  shock  location  Is  at 
15  percent  chord. 

Sophisticated  data  acquisition  methods  which  feature  automated  data  acquisition  and  on-line  data 
analysis  require  relatively  sophisticated  minicomputers  for  successful  Implementation.  Use  of  32-bit 
minicomputers  with  multitasking  operating  systems  enables  large  data  preparation,  data  acquisition,  and 
data  reduction  programs  to  be  core-resident  at  the  same  time,  enables  sharing  of  data  between  such  pro¬ 
grams,  and  enables  concurrent  execution  of  such  programs.  Large  minicomputers  also  provide  the  speed 
required  to  Implement  on-line  analysis  of  data  acquired  In  a  "data  capture"  mode.  This  analysis  can  pro¬ 
vide  on-line  Indication  of  flow  features  such  as  shock  unsteadiness  and  wake  vortex  streets.  Use  of 
16-bit  minicomputers  requires  that  large  data  acquisition  programs  be  subdivided  and  "overlayed"  In  memory 
due  to  core  storage  addressing  limitations.  The  slower  execution  speed  of  these  smaller  computers  also 
limits  the  researcher  to  the  use  of  the  more  efficient  averaging  methods  of  data  acquisition  discussed 
above  which  are  not  capable  of  resolving  certain  flow  features.  Successful  LA  measurements  can  also  be 
acquired  In  turbomachines  using  8-blt  microcomputers.  The  type  of  hardware  and  software  required  between 
these  two  extremes  depends  on  the  level  of  Information  and  the  amount  of  Information  which  one  wishes  to 
extract  from  the  LA  measurements. 

ANALYSIS  OF  TURBOMACHINERY  FLOWflELDS  USING  LASER  ANEMOMETER  MEASUREMENTS 

A  number  of  different  data  acquisition  methods  of  varying  levels  of  complexity  were  discussed  above. 

It  was  shown  that  data  acquisition  schemes  can  be  simplified  by  employing  soew  level  of  data  averaging 
during  the  measurement  process.  However,  such  averaging  prevents  the  extraction  of  certain  levels  of 
Information  from  the  flowfleld.  In  this  section  an  analogous  situation  will  be  shown  to  exist  for  both 
data  analysis  and  graphical  data  display  methods,  A  variety  of  methods  will  be  presented  and  Illustrated 
using  examples  from  published  results  on  laser  anemometer  applications  to  turbomachinery  experiments. 

The  Hierarchy  of  Information  Obtainable  from  LA  Data 

The  process  of  analyzing  LA  data  can  be  schematically  represented  by  the  Informational  pyramid  shown 
In  Fig.  24.  The  greatest  amount  of  Information  is  at  the  base  of  the  pyramid.  Successive  application  of 
averaging  operators  leads  one  to  the  peak  of  the  pyramid.  Howaver,  detailed  Information  on  flow  features 
Is  lost  as  one  moves  to  higher  lavels  of  the  pyramid. 

When  performing  an  analysis  of  the  variance  In  LA  measurements  acquired  from  flowflelds  generated 
within  rotating  turbomachinery  one  must  be  mindful  of  the  periodicity  present  in  the  flowfleld.  In  sta- 
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tlonary,  ergodlc  flows,  one  usually  equates  the  level  of  Measurement  variance  with  the  level  of  random 
flow  fluctuations  due  to  turbulence.  As  will  be  shown  below,  there  Is  at  least  one  contribution  to  the 
measurement  variance  which  Is  not  related  to  turbulence  at  each  level  of  the  pyramid. 

The  principles  discussed  above  will  be  Illustrated  by  analyzing  an  actual  LA  data  set.  This  data  set 
was  acquired  one-half  chord  downstream  of  an  axial  flow  fan  with  a  one-component  LA  system  using  50  mea¬ 
surement  windows  between  each  blade.  Measurements  were  recorded  In  17  of  the  22  fan  blade  passages.  The 
total  number  of  measurements  recorded  was  30  000,  which  yielded  an  average  of  about  <0  measurements  In 
each  window.  The  velocity  component  measured  Is  that  which  Is  In  the  streamwlse  direction  outside  of  the 
blade  wakes . 

Analysis  of  Measurement  Mean  and  Variance 

The  base  of  the  Informational  pyramid  contains  the  Individual  velocity  measurements  acquired  In  a 
capture  mode  of  data  acquisition.  This  data  can  be  visualized  as  a  two  dimensional  array  V(1,J).  The 
measurement  window  number,  1,  ranges  between  1  and  NW  ■  NWP'NB,  where  MW  Is  the  total  number  of  mea¬ 
surement  windows,  NWP  1$  the  number  of  windows  per  blade  passage,  and  MB  Is  the  number  of  blade  pas¬ 

sages  surveyed.  In  the  example  data  set  being  used  here,  NW  ■  50,  MB  -  17  and  NWP  •  850.  The  Index  j 
ranges  between  1  and  N(1),  the  total  number  of  measurements  In  window  number  1.  As  shown  In  Fig.  25, 
this  data  can  be  presented  In  the  form  of  a  velocity  probability  density  distribution  (p.d.d.)  for  each 
measurement  window  by  classifying  the  N(1)  velocity  measurements  Into  velocity  bins  of  fixed  width. 
Although  p.d.d. 's  can  be  generated  for  each  measurement  window,  there  are  not  enough  measurements  In  an 
Individual  window  In  this  data  set  to  given  an  accurate  description  of  the  blmodal  character  of  the 
p.d.d. 's  which  lie  In  the  blade  wake  (point  A).  The  p.d.d.'s  shown  In  Fig.  25  therefore  contain  measure¬ 
ments  acquired  within  the  measurement  windows  located  at  points  A  and  B  In  all  17  measured  blade  passages, 

and  are  therefore  'blade  average'  p.d.d.'s.  As  shown  In  Ref.  27,  the  blmodal  character  of  the  p.d.d.  at 
point  A  Indicates  that  a  vortex  street  Is  present  In  the  blade  wake. 

Time  averaging  of  the  data  acquired  In  each  window  leads  to  the  second  level  of  the  Informational 
pyramid,  which  contains  the  time-average  circumferential  velocity  distribution  between  Individual  rotor 
blades,  V(1).  This  velocity  distribution  can  be  directly  acquired  using  a  'window  average'  data  acquisi¬ 
tion  technique  or  can  be  calculated  from  capture  mode  data  using  the  averaging  operation 

1  "i.’) 

t(1>  -  jjffy  £  V(1.3)  1.1 . NW  (1  > 

Note  that  V(1)  Is  the  statistical  mean  of  the  probability  density  distribution  of  the  measurements  from 
window  number  1. 

The  time-averaging  operation  also  allows  one  to  calculate  the  standard  deviation,  or(1),  of  the 
probability  density  distribution  In  window  number  1.  This  standard  deviation  Is  the  lowest  level  of  rms 
velocity  Information  available  (see  Fig.  24)  and  can  be  calculated  using  the  formula 

o*<1>  •  „(l]  .  ,  [V<1>  -  V(1,))]2  1.1 . NW  (2) 

Once  the  data  Is  time-averaged,  detailed  Information  concerning  the  p.d.d.  of  the  individual  measure¬ 
ments  which  occurred  In  the  measurement  window  Is  lost.  However,  the  general  level  of  broadening  In  the 
p.d.d.  Is  Indicated  by  the  magnitude  of  ®r(1).  In  addition,  Information  on  passage-to-passage  varia¬ 
tion  In  the  flowfleld  Is  still  present  In  the  data.  Examples  of  the  circumferential  velocity  distribution 
given  by  Equation  (1)  are  shown  In  Fig.  26  across  2  of  the  17  measured  passages.  The  flags  at  selected 
points  Indicate  the  magnitude  of  the  standard  deviation  or.  Note  that  the  standard  deviation  rises  In 
the  wake  as  one  would  expect  due  to  viscous  mixing.  However,  the  standard  deviation  alone  does  not  Indi¬ 
cate  the  vortical  nature  of  the  wake  flow  as  Inferred  by  the  p.d.d.  shown  In  Fig.  25.  This  Information, 
which  was  contained  In  the  p.d.d.'s  has  been  lost  due  to  averaging. 

Now  let  us  consider  the  factors  which  contribute  to  the  variance  aT.  In  a  steady,  laminar  flow, 
all  measurements  In  a  probability  density  distribution  would  fall  Into  the  same  velocity  bln.  In  reality, 
the  p.d.d.  Is  broadened  by  the  following  mechanisms: 

(1)  Random  turbulent  fluctuations  In  the  flow, 

(2)  Flow  unsteadiness  which  occurs  at  frequencies  which  are  not  Integral  multiples  of  the  rotor 
rotational  frequency  (such  as  rotor  shock  oscillations  and  trailing  edge  vortex  shedding), 

(3)  Averaging  of  velocity  gradients  across  the  width  of  the  measurMient  window, 

(4)  Flow  variations  caused  by  rotor  speed  drift  during  data  acquisition, 

(5)  Individual  LA  measurement  errors. 

The  contributions  of  Items  (2)  to  (5)  must  be  subtracted  from  the  standard  deviation  «r(1)  cal¬ 
culated  from  the  p.d.d.  In  order  to  obtain  the  level  of  turbulent  flow  fluctuations.  The  LA  user  can 
control  or  can  estimate  the  magnitude  of  some  of  the  elements  In  Items  (2)  to  (5)  above. 

The  contribution  of  Item  (3)  can  be  minimized  by  reducing  the  physical  size  of  the  measurement  win¬ 
dow.  The  contribution  of  Item  (5)  can  be  controlled  by  selecting  the  fringe  orientation  angles  and  the 
number  of  measurements  so  as  to  minimize  the  statistical  measurement  error.  Individual  LA  measurement 
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errors  arising  from  particle  tracking  errors  can  be  minimized  by  generating  uniformly  small  seed  parti¬ 
cles.  As  discussed  In  Ref.  9,  the  combined  contributions  of  items  (3)  and  (4)  are  on  the  order  of  1  to  2 
percent  for  a  practical  application. 

Application  of  a  spatial  ensemble  averaging  process  to  the  circumferential  velocity  distribution 
V( 1 )  leads  to  the  third  level  of  the  Informational  pyramid,  which  contains  the  ensemble-averaged  velocity 
distribution  V(k).  The  ensemble  averaging  operation  Is  given  by 

.  N8-1 

V(U  -  ~  E  9<k  ♦  m.KWP)  k-1 . NWP  (3) 

w  m-0 


This  ensemble  averaged  velocity  distribution  can  be  directly  acquired  using  a  "blade  average"  data 
acquisition  technique  In  which  NWP  windows  are  generated  between  successive  blade  passing  signals.  The 
V(k)  velocity  distribution  contains  Information  on  the  circumferential  variation  In  the  flowfleld  across 
an  "average"  blade  passage.  Detailed  Information  on  the  variation  of  the  flowfleld  between  Individual 
blade  passages  Is  lost.  This  Information  is  lumped  Into  the  standard  deviation  og(k)  at  each  point 
In  the  ensemble-averaged  velocity  distribution,  given  by 


oo 


MB 


NB-1 

i5> 


[V(k)  -  9<k  ♦  m.NWP) ]£  k-1 . NWP 


(4) 


Fig.  27  Is  an  Illustration  of  the  ensemble-averaged  velocity  distribution  calculated  from  the  example 
data  set  by  averaging  across  the  17  measured  blade  passages.  The  flags  shown  on  selected  points  Indicate 
the  magnitude  of  the  rms  velocity  og. 

This  rms  velocity  arises  from  passage-to-passage  flow  variations.  This  geometric  contribution  to  rms 
velocity  fluctuations  can  be  seen  In  Fig.  28.  where  the  Individual  velocity  distributions  across  the  17 
measured  blade  passages  are  plotted  to  the  same  scale. 

The  fourth  level  of  the  Informational  pyramid  contains  the  pltchwlse-averaged  velocity  V.  This 
velocity  can  be  obtained  from  the  spatially  ensemble-averaged  velocity  using  the  averaging  operation 

NWP 

5  ■  sip  Z  v(k>  (5) 

The  standard  deviation  of  V  Is  calculated  using 

o  ,  NWP  , 

°p  -  5JpTT  £,  t?  -  v(l<)]  <6> 

The  values  of  9  and  op  calculated  from  the  ensemble-averaged  velocity  distribution  are  Included 
In  Fig.  27.  This  Information  can  be  directly  acquired  by  a  simple  LA  system  which  contains  no  capability 
for  measuring  rotational  position  of  moving  blade  rows.  All  details  concerning  the  blade-to-blade  flow- 
field  are  lost  at  this  level  of  averaging.  Data  of  this  type  Is  of  Interest  when  comparing  LA  measure¬ 
ments  to  those  obtained  with  aerodynamic  Instrumentation  such  as  total  and  static  pressur**  probes  and 
thermocouples  whose  frequency  response  Is  well  below  the  blade  passing  frequency.  The  time-average 
velocity  at  the  measurement  point  Is  also  used  when  measuring  the  steady  state  flowfleld  In  stationary 
blade  rows. 


At  the  top  of  the  Informational  pyramid,  the  variance  In  the  pltchwlse-average  velocity,  con- 
tains  contributions  from  all  lower  levels  of  the  pyramid.  Several  authors  (Refs.  28  to  30)  have  addressed 
this  Issue  In  the  past  using  a  model  similar  to  that  shown  In  Fig.  29.  These  Investigators  have  shown 
that  the  total  rms  velocity  at  the  measurement  point,  <**,  Is  related  to  the  random  fluctuation  level  and 
the  periodic  fluctuation  level  by  the  relation 


These  Investigators  have  assumed  that  the  flowfleld  Is  the  same  In  each  blade  passage.  If  however, 
there  are  flowfleld  variations  from  passage-to-passage,  such  that  the  velocity  distribution  V< 1 )  In  each 
passage  Is  not  Identical  to  the  ensemble-averaged  distribution  V(k),  an  additional  contribution  og 
must  be  included: 


It  should  be  noted  that  calculation  of  the  ensemble-averaged  profile.  V(k),  can  be  performed  directly 
from  the  1nd1v1dual_veloc1ty  measurement  array  V(1,j).  It  should  also  b*  noted  that  the  pltchwlse- 
averaged  velocity,  V  Is  Identical  to  the  arithmetic  average  of  all  measurements  In  the  V(1,J)  array. 

The  calculation  of  V(k)  In  terms  of  V(1)  shown  In  equation  (3)  and  the  calculation  of  V  In  terms  of 
7(k)  shown  In  equation  (5)  was  done  In  order  to  more  clearly  show  how  Information  Is  lost  during  each 
averaging  operation.  The  following  formulas  can  be  used  for  direct  calculation  of  V(k)  and  9: 
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Care  must  be  taken  when  computing  all  of  the  averages  discussed  above,  since  the  velocity  Is  a  vector 
which  has  both  magnitude  and  direction.  This  point  can  be  seen  more  clearly  by  considering  the  averaging 
of  the  two  vectors  shown  In  the  diagram  below:  # 


The  actual  average  velocity  obtained  by  vector  addition  Is  of  course  zero.  However,  If  one  averages 
the  velocity  magnitude  and  angle  separately  one  gets 

<»,  ♦  V  > 

u  _ ! _  4—  i  Aft 


which  Is  Incorrect. 

The  proper  method  of  calculating  average  values  of  any  velocity  triangle  parameter  Is  to  average  the 
primary  velocity  components  Vx  and  Vy  first,  and  then  calculate  the  desired  quantity.  In  the 
above  Illustration  this  would  lead  to 


(Vv1  *  Vv2>  m.7  -  71.71 


The  proper  method  of  calculating  the  ensemble-averaged  flow  angle,  B(k),  for  example  Is  therefore: 
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This  same  procedure  applies  to  other  velocity  triangle  parameters  such  as  relative  and  absolute 
velocity  magnitude  and  relative  flow  angle. 

The  preceding  discussion  Indicates  that  the  level  of  Information  which  one  wishes  to  extract  from  the 
flowfleld  can  be  used  to  determine  both  the  type  of  data  acquisition  method  used  and  the  level  of  averag¬ 
ing  employed  during  data  post-processing.  Although  Information  Is  lost  through  averaging  as  one  proceeds 
up  the  pyramid  shown  In  Fig.  24,  substantial  savings  In  data  acquisition  time,  data  processing  time,  and 
data  storage  space  can  be  realized  at  the  upper  pyramid  levels.  For  example,  let  NR  be  the  number  of 
measurements  required  to  describe  the  velocity  to  a  certain  level  of  confidence  at  each  point  In  the  cir¬ 
cumferential  velocity  distribution  V(  1 ) .  In  keeping  with  the  example  used  above,  let  the  total  number 
of  windows  be  NU-850,  corresponding  to  SO  windows  per  blade  across  17  blades.  The  total  number  of  meas¬ 
urements  required  Is  therefore  NT«NR*NW  ■  850*NR.  If,  however,  one  Is  only  Interested  In  the  ensemble 
averaged  velocity  V  or  the  time  average  velocity  0,  then  the  same  level  of  confidence  requires  only 
50*NR  and  NR  measurements  respectively. 

Continuing  with  the  above  example,  one  cannot  hope  to  assimilate  all  of  the  Information  contained  In 
the  p.d.d.'s  for  each  of  the  850  measurement  windows.  Consideration  of  the  circumferential  velocity  dis¬ 
tribution,  7(1)  across  17  blade  passages  at  each  axial,  radial  survey  location  within  the  blade  row  can 
also  be  quite  tedious.  Therefore,  In  practice  one  usually  resorts  to  detailed  consideration  of  one  of  the 
following: 

(1)  The  distribution  of  7(1)  across  a  few  Individual  blade  passages  If  passage-to-passage  flow 
variations  are  large. 

(2)  The  distribution  of  7(k)  across  the  ensemble-averaged  blade  passage  If  passage-to-passage  flow 
variations  are  small . 

Graphical  Methods  of  Data  Presentation 


Several  different  methods  of  presenting  the  data  accumulated  along  the  circumferential  measurement 
line  swept  through  a  rotating  blade  row  at  one  axial,  radial  survey  location  have  been  presented  In  the 
preceding  sections.  Additional  graphical  methods  are  required  when  attempting  to  visualize  global  flow 
features . 
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Shock  wave  locations  In  transonic  blade  rows  can  be  determined  from  a  series  of  blade-to-blade  plots 
of  data  acquired  at  different  streamwlse  locations.  An  Independent  determination  of  shock  location  can 
also  be  achieved  by  streamwlse  cross-plotting  of  data  obtained  at  a  constant  pltchwlse  distance.  These 
combined  procedures  are  Illustrated  In  Fig.  30.  Although  the  seed  particle  velocity  may  lag  the  gas 
velocity  for  a  short  distance  downstream  of  the  shock,  the  point  at  which  the  measured  velocity  first 
begins  to  decrease  provides  a  consistent  measure  of  the  shock  front  location. 

In  contrast  to  the  one-dimensional  slices  through  the  flowfleld  offered  by  blade-to-blade  and  stream- 
wise  plots,  contour  plots  offer  the  user  a  two-dimensional  view  of  the  flowfleld.  An  example  of  a  contour 
plot  of  the  Mach  number  distribution  In  a  transonic  axial-flow  fan  Is  shown  In  Fig.  31.  Contour  plots  are 
often  used  when  comparing  LA  measurements  to  results  generated  by  numerical  flow  analysis  codes. 

Changes  In  the  magnitude  of  a  flow  parameter  are  more  easily  discerned  from  one-dimensional  plots 
such  as  those  In  Fig.  30  than  from  contour  plots.  This  Is  due  to  the  fact  that  one  must  visually  Inte¬ 
grate  across  contour  lines  to  determine  magnitude  changes  when  viewing  contour  plots.  As  a  result, 
contour  plots  tend  to  be  more  qualitative  than  quantitative.  This  situation  can  be  Improved  by  three- 
dimensional  plotting  which  adds  parameter  magnitude  to  contour  plots  as  a  third  dimension.  The  use  of 
varying  viewing  angles,  perspective,  and  hidden  line  techniques  can  greatly  enhance  the  Information 
obtainable  from  three-dimensional  plots,  as  shown  by  the  examples  In  Fig.  32.  The  valley-like  features 
ahead  of  the  blade  row  represent  the  Mach  number  variation  caused  by  bow  waves  from  adjacent  blades.  The 
passage  shock  location  Is  clearly  shown  In  the  lower  part  of  Fig.  32. 

Example  Results  from  LA  Applications  In  Turbomachinery 

Published  results  from  LA  Investigations  will  be  briefly  reviewed  below  In  order  to  demonstrate  the 
capabilities  of  the  LA  technique.  The  examples  will  be  limited  to  axial-type  turbomachines.  A  more  com¬ 
plete  list  of  examples  from  axial-flow  turbomachinery  experiments  Is  given  In  Ref.  31.  An  excellent  sum¬ 
mary  of  LA  applications  In  radial-type  machines  has  recently  been  given  by  Kraln  (Ref.  2).  In  addition, 
results  obtained  In  radial-flow  turbomachinery  will  be  discussed  In  this  symposium  by  Schodl  and  Elder 
(Refs.  3  and  4). 

Passage-To-Passage  Flow  Variations 

An  Ideal  turbomachine  would  produce  an  Identical  flowfleld  In  each  blade  passage  In  the  blade  row. 
However,  manufacturing  tolerances  limit  the  degree  to  which  real  machines  approach  this  Ideal  goal. 
Passage-to-passage  flow  variations  measured  In  two  transonic  fan  rotors  are  shown  In  Fig.  33  In  the  form 
of  blade-to-blade  distributions  of  relative  Mach  number  In  Individual  blade  passages.  The  blade  suction 
and  pressure  surfaces  are  denoted  by  SS  and  PS,  respectively.  The  results  shown  In  Fig.  33(a)  were 
obtained  In  a  550  m/sec  tip  speed  Ian  with  an  aspect  ratio  of  2.87  which  had  a  part-span  damper.  The 
results  shown  In  Fig.  33(b)  were  obtained  In  an  undampered  1.56  aspect  ratio  fan  with  a  tip  speed  of 
429  m/sec.  The  Mach  number  distributions  shown  In  Fig.  33(a)  for  blade  passages  1  and  15  encompass  the 
range  of  those  measured  in  each  of  the  38  Individual  blade  passages.  Note  that  the  flowfleld  In  passage 
15  is  representative  of  an  oblique  shock  while  the  flowfleld  In  passage  1  Indicates  the  presence  of  a 
normal  shock.  Analysis  of  data  from  additional  fans  has  led  to  the  conclusion  that  the  large  variations 
shown  In  the  dampered  fan  flowflelds  arise  due  to  variations  In  blade  geometry  caused  by  manufacturing 
variations  In  the  dampers.  Another  feature  which  appears  In  Fig.  33  Is  the  Improved  flowfleld  uniformity 
at  the  near  stall  operating  condition  shown  in  Fig.  33(b).  This  phenomena  has  also  been  observed  In  data 
from  other  LA  experiments  and  appears  to  be  a  general  behavior  of  transonic  fans.  Large  passage-to- 
passage  flowfleld  variations  have  two  Important  impacts: 

(1)  They  generate  an  increased  level  of  apparent  turbulence  to  downstream  blade  rows  as  represented 
by  the  rms  velocity  discussed  In  the  previous  section. 

(2)  They  make  numerical  flowfleld  analysis  difficult  because  there  Is  no  single  blade  passage  In 
which  the  flow  can  be  considered  to  be  representative  of  the  flow  throughout  the  blade  row. 

Unsteady  Flow  Features  In  isolated  Rotors 

The  capture  mode  of  data  acquisition  allows  detection  of  flow  fluctuations  with  frequencies  which  are 
not  Integral  orders  of  the  once-per-rev  frequency.  One  example  of  this  capability  Is  the  detection  of 
vortices  In  the  blade  wake  as  Inferred  from  the  double-peaked  probability  density  distribution  shown  In 
Fig.  25.  Another  example  of  this  capability  Is  shown  In  Fig.  34.  which  Is  taken  from  Ref.  19.  The 
blmodal  nature  of  the  probability  density  functions  shown  In  Fig.  34  Indicates  an  oscillation  of  the  rotor 
passage  shock  about  the  mean  location  shown  In  the  upper  pari  of  the  figure.  The  blmodal  p.d.d.'s 
obtained  In  windows  C  and  D  are  due  to  the  fact  that  these  windows  lie  upstream  of  the  shock  part  of  the 
time  and  downstream  of  the  shock  part  of  the  time. 

Blade  Row  Interactions 

The  unsteady  flow  features  Just  discussed  occurred  In  Isolated  rotors  where  the  flowfleld  should 
nominally  be  axlsyfinetrlc  and  steady  In  the  rotor  relative  frame  of  reference.  When  a  rotor  Is  followed 
by  a  stator,  the  flowfleld  Is  unsteady  and  nonaxl symmetric  In  both  the  relative  and  absolute  frames  of 
reference.  An  investigation  of  the  periodically  unsteady  flow  through  a  stationary  blade  row  therefore 
requires  a  circumferential  survey  across  one  blade  pitch  In  the  stationary  blade  row.  The  array  of  survey 
locations  used  during  the  experiment  reported  In  Ref.  32  to  Investigate  the  flow  through  a  stator  located 
downstream  of  a  compressor  rotor  1$  shown  In  Fig.  35.  Note  that  a  total  of  128  survey  points  were  used 
in  order  to  survey  the  flow  at  15  axial  locations,  which  represents  an  eightfold  Increase  in  the  number 
of  survey  locations  which  would  have  been  required  If  the  flow  was  axlsyiwetrlc,  Data  acquired  at  each 
pltchwlse  location  must  still  be  tagged  with  the  rotor  rotational  position.  By  plotting  the  velocities 
measured  at  each  axial  and  circumferential  location  for  a  given  rotor  rotational  position  one  obtains  a 
snapshot  of  the  periodically  unsteady  flow  through  the  stator.  Figure  36  illustrates  this  procedure  for 
three  different  pltchwlse  locations  of  the  rotor  relative  to  the  stator.  Turbulence  Intensity  Is  chosen 


as  the  plotted  parawter  In  this  case  In  order  to  clearly  define  the  rotor  wake  location.  The  rotor  wake 
Is  sheared  as  It  convects  through  the  stator  passage  due  to  the  fact  that  the  velocity  Is  higher  on  the 
suction  side  of  the  passage  than  on  the  pressure  side  of  the  passage.  A  similar  analysis  of  turbine  vane 
wakes  passing  through  a  turbine  rotor  has  been  reported  In  Refs.  30  and  33. 

The  above  Investigations  were  performed  In  single  stage  machines.  Measurements  acquired  within  a 
multistage  a«1a1  flow  compressor  using  the  laser  transit  technique  have  been  reported  In  Ref.  34.  The 
application  of  the  LFA  technique  to  a  high  speed  multistage  aklal  compressor  will  be  discussed  In  this 
Symposium  by  Williams  (Ref.  35). 


CONCLUDING  REMARKS 

During  the  last  14  years  laser  anemometry  has  been  shown  to  be  a  viable  technique  for  obtaining 
detailed  Internal  flow  measurements  from  within  the  hostile  turbomachinery  environment.  Advances  In 
optics,  electronics,  and  computer  technology  during  this  time  have  led  to  the  availability  of  commercial, 
off-the-shelf  laser  fringe  and  laser-transit  anemometer  systems  for  use  In  turbomachinery  Investigations. 
Future  advancements  In  LA  applications  will  therefore  depend  on  Improvements  In  the  following  areas: 

(1)  The  efficient  acquisition,  analysis,  and  display  of  the  large  amount  of  data  which  can  be  pro¬ 
duced  during  LA  applications, 

(2)  Measurement  of  the  radial  velocity  component  which  usually  lies  In  the  llne-of-slght  direction 
of  the  LA  system, 

(3)  Acquisition  and  analysis  of  data  from  within  multistage  turbomachines, 

(4)  Use  of  flow  visualization  techniques  such  as  holography  and  trace  gas  Injection  to  scope  global 
flow  features  In  order  to  reduce  the  number  of  physical  locations  at  which  LA  measurements  must  be 
acquired, 

(5)  Accurate  measurement  of  turbulent  and  periodically  unsteady  flow  fluctuations  In  turbomachinery 
In  order  to  accurately  assess  the  relative  Importance  of  random  and  coherent  fluctuations, 

(6)  development  of  optical  techniques  for  measurement  of  thermodynamic  properties  which  can  be  used 
In  conjunction  with  the  LA  technique  to  yield  simultaneous  measurement  of  velocity  and  density,  pressure, 
or  temperature. 
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Figure  2.  -  Geometry  of  a  laser  fringe  anemometer. 


Figure  5  *  Measurement  of  radial  velocity  components 
within  a  blade  row  using  off-axis  light  collection. 


INCREASED  ERROR  IN  V„  M„  ■  INCREASED  ERROR  IN  V 
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Figure  6.  -  Determination  of  unknowns  V  and  a  using  velocities  Vj 
and  V2  measured  at  fringe  orientations  9^  and 


Figure  8.  -  Point  injection  of  seed  into  streamtube 
passing  through  the  measurement  point. 


a 


4 


MEAN  FRINGE  ANGIE  («!  ♦  0*1/2 

Figure  7.  -  Increase  in  statistical  error  due  to  use  of 
uncorrelated  measurements  in  calculating  velocity 
components. 


WAVElfNCTH  (Al 


lal  Emission  and  absorption  spectra. 


tbl  Comparison  batman  fluorescence  emission  and  light 
scattering  versus  particle  size. 


Figure  9  -  Characteristics  of  rhodemine  6G  fluorescing  dye 


(a)  Tip  clearance  distortion  due  to  casing 
curvature. 


-  NASTRAN  ANALYSIS 

O  MEASURED  BLADE 
DEFLECTION 


CHORD.  % 


Figure  13.  -  Comparison  of  measured  and  predicted 
untwist  at  the  tip  of  an  axial  flow  fan  at  a  tip  speed 
of  429  m/sec. 


(b)  Tip  clearance  distortion  due  to  flow- 
path  convergence. 

Figure  14.  -  Ftowpath  distortions  caused  by  flat 
windows. 


Figure  IS.  -  Use  of  small  flat  win<k.*s  in  radial  tur¬ 
bomachines  to  minimize  floepath  distortions. 


(at  Hologram  construction.  Pinhole  is  at  the  desired  probe  volume  location. 


INCIDENT 

LASER 

BEAMS 


lb)  Holographic  refraction  correction.  Incident  laser 
beams  propagate  through  the  holoyam  in  the 
direction  taken  by  the  reference  beam  during  holo¬ 
gram  construction  and  cross  at  the  desired  probe 
volume  location. 


Figure  16.  -  Holographic  correction  of  window  refraction  effects. 


Figure  17.  -  Three  methods  of  generating  measurement  winders  for  LA  applications  in  rotating  Made  rows. 
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(a)  Exact  circumferential  location  of  each  measurement  calculated 
using  elapsed-time-between- measurements  data  and  trigger 
pulse  data. 


(b)  Measurements  assigned  to  proper  window  during  post-run 
processing. 

Figure  18.  -  Assignment  of  measurement  windows  during  post-test 
data  reduction. 


V(x)  •  ONE  VELOCITY  MEASUREMENT  AT  SHAFT  POSITION  X 
SP  •  SHAFT  POSITION 


i 


Figure  19.  -  Data  storage  scheme  used  during  "window  average"  mode  data  acouisition. 
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Figure  22.  -  Real-time  display  used  in  the  NASA-Lewis  LA 
system  during  compressor  research  testing. 


<a)  Streamwise  distribution  (view  S-SI  of  relative 
Mach  number,  initial  survey  -  every  10  % 
chord  over  first  40  %  chord. 


(b)  Streamwise  distribution  (view  S-S)  of  relative 
Mach  number.  Refinement  of  shock  location 
using  additional  survey  locations. 

Figure  23.  -  Use  of  on-line  data  analysis  to  capture 
shock  location  In  a  transonic  compressor. 
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Figuro  24.  -  Schematic  representation  of  information  available  from  LA  data. 


Figure  25.  -  Blade-averaged  probability  density  distributions. 
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WINDOW  NUMBER.  I 

Figure  26.  -  Circumferential  velocity  distributions  across  two  of  the  seventeen  measured 
blade  passages. 


variations  to  the  total  rms  velocity  level.  Passage- 

Figure  27.  -  Ensemble-averaged  velocity  distribution  to-passage  flow  field  variations  generate  rms 

across  the  Made  pitch.  velocity  og. 


Figure  29.  -  Model  used  to  illustrate  various  contributions  to  the 
total  rms  velocity  level. 


r  SHOCK 


BLADE 


40  60 

BLADE  PITCH.  % 

(a)  Blade-to-blade  distribution  (view  B-B)  of  relative 
Mach  number. 


(bt  Streamwise  distribution  (view  S-Si  of  relative  Mach 
number. 
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* —  ACTUAL  CHORDWISE  LOCATIONS  FOR  LA  DATA-1 


figure  31.  -  Contour  plot  of  relative  Mach  number  distribution 
in  a  transonic  fan. 


Figure  30.  -  Use  of  pitchwise  and  streamwise  Mach  number 
distributions  to  determine  shockwave  locations. 


(a)  Meridional  view. 


Cb)  View  looking  upstream. 


(a)  Dampered  fan,  bbO  m/sec. 


BLADE  PITCH.  % 

SUCTION  PRESSURE  SUCTION  PRESSURE 

SIDE  SIDE  SIDE  SIDE 


Figure  32.  -  30  hidden  line  plot  of  Mach  number  data  from  figure  31  viewed 
from  two  different  directions. 


(b)  Undempered  fan.  429  m/sec. 

Figure  33.  -  Passage-to-passage  flow  variations  in  two  transonic 
axial  flow  fans. 
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(a  I  Rotor  trailing  edge  aligned  circumferentially 
with  stator  leading  edge. 


Ibl  Rotor  displaced  circunsterentially  by  one-third 
rotor  pitch. 


Ic)  Rotor  displaced  circumferentially  by  two-thirds 
rotor  pitch. 


Figure  36.  -  Periodically  unsteady  stator  flow  field 
at  three  points  in  the  rotor-stator  Wade  passing 
cycle.  Distribution  of  turbulence  intensity 
parallel  to  local  temporary  main  flow  direction 
llpar I  within  one  stator  Wade  passage. 


Figure  35.  -  IA  survey  locations  used  to  investigate  the 
periodically  unsteady  flow  through  a  compressor 
stator. 


DISCUSSION 


M.G.Alwang,  US 

Do  you  make  correction  for  particle  lag  in  plotting  velocity  distributions  through  shocks? 

Author's  Reply 

We  do  not  attempt  to  perform  particle  lag  corrections.  In  a  wind-tunnel  application,  in  which  the  flow  might  be  steady 
or  nearly  two-dimensional,  one  might  entertain  the  possibility  of  such  a  correction.  The  problem  in  turbomachinery 
applications  is  that  once  the  flow  passes  through  the  shock,  the  flow  undergoes  additional  changes  due  to  the  work  input 
of  the  blade  row.  It  is  therefore  not  possible  to  separate  particle  velocity  effects  due  to  particle  lag  from  those  effects  due 
to  the  flow  itself. 


J. Allan  US 

My  questions  are  related  to  the  effects  of  the  curved  windows  which  were  mentioned  as  a  method  of  reducing  the 
physical  problems  associated  with  flat  windows: 

( 1 )  are  leas  calculations  run  to  evaluate  the  effects  of  the  window  curvature? 

(2)  how  does  the  window  affect  the  system  calibration? 

(3)  how  does  the  window  affect  the  probe  volume  position? 
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Author's  Reply 

( 1 )  The  paper  presented  here  by  Carl  Williams  contains  reference  to  a  publication  which  deals  with  this  issue.  Richard 
Seasholtz  at  NASA  Lewis  has  also  done  work  on  the  design  of  window  refraction  correction  lenses. 

(2)  Flat  windows  do  not  affect  the  systems  calibration,  in  other  words  the  beams  crossing  angle.  However,  curved 
windows  can  change  this  angle;  a  detailed  analysis  of  the  magnitude  of  this  effect  is  reported  in  reference  20  cited 

in 

my  paper. 

(3)  Both  flat  and  curved  windows  change  the  probe  volume  location.  The  predominant  shift  is  in  the  line  of  sight  (or 
optical  axis)  direction.  For  windows  on  the  order  of  several  millimetres  thick,  this  change  is  on  the  order  of  a 
millimetre.  Again  reference  20  contains  further  details  on  this  problem  as  well. 


C.Williams,  US 

Just  as  a  comment.  Paper  1 1  contains  a  reference  (reference  1 )  on  designing  curved  windows  in  which  beam  steering 
problems  are  discussed  and  partial  corrections  are  suggested. 

R.Schodl,  GE 

You  showed  a  slide  where  the  fluorescent  light  intensity  was  plotted  against  the  droplet  diameter.  Are  these  theoretical 
or  experimental  results? 

Author's  Reply 

The  results  shown  in  figure  9  of  the  paper  are  taken  directly  from  the  paper  of  Stevenson  et  al  which  is  reference  1 4  of 
the  paper.  I  believe  that  this  is  an  experimental  result,  but  one  should  check  the  original  paper  to  confirm  this. 


PJ.Bryanston-Cross,  UK 

Did  you  explore  the  relationship  on  correlation  between  measured  vortex  shedding  from  the  compressor  blade  at  its 
shock  movement? 

Author's  Reply 

We  did  not  explore  any  correlation  between  shock  motion  and  vortex  shedding  from  the  blade  trailing  edge,  both  of 
which  we  have  observed  in  a  transonic  fan.  \  ortex  shedding  has  been  observed  in  both  subsonic  and  supersonic 
cascades.  In  subsonic  cases,  shocks  are  not  present. 

Therefore,  although  vortex  shedding  may  be  caused  by  shock  motion,  it  is  not  necessarily  dependent  on  shock  presence. 
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ABSTRACT  '  '  >  •  p  -  -  *  »  ■  • 

The  paper  begins  with  a  review  of  ' various  publications  about  L2F-velociraetry^  iim ±&~ 
emphasis  ie-place<r>  upon  the  important  new  advances  of  this  technique.  The  manner  of  sta¬ 
tistical  data  analysis  of  turbulent  f low^  including  the  simplified  version  which  enables 
a  time-saving  measuring  procedure* is  described  in  some  detail.  The  influence  of  beam  dia¬ 
meter^  beam  separation  ratio  on  the  measuring  accuracy  and  on  the  measuring  time  is 
treated.  The  capability  of  the  L2F-system  at  close-to~wall  measurements  could  be  further 
improved.  Results  of  measurements  in  a  very  small  flow  channel  and  in  a  6mall  turbochar¬ 
ger  compressor  rotor  are  presented.  The  3-D  version  of  the  L2F-system  wa6  successfully 
operated  recently.  The  principle,  the  optical  set-up  and  the  signal  processing  are  des¬ 
cribed  and  some  first  results  ^re  presen ted. ‘-At  the -end- comparison  between  laser  doppler - 
JLD)-'  and  laser  Two  FoctMr-'(L2FV  velocimeters  gives  answers*  about  such  signal  properties  as 
amplitude  and  rate,  the  smallest  detectable  particles  and  about  the  measuring  time  needed, 
based  on  the  probe  volume  dimensions. 


NOMENCLATURE 


radius  coordinate  of  laser  beams 
index  indicating  blue 

meridional  component  of  absolute  velocity 

diameter  of  the  laser  beams  in  the  probe  volume 

particle  diameter 

velocity  function 

mean  value  of  velocity  function 

focal  length 

LD-signal  frequency 

two  dimensional  gaussion  probability  distribution 
mean  value  of  velocity  function 
index  indicating  green 

corrected  value  of  measured  two-dimensional  frequency  distribution 
Intensity  of  light 

axial  length  of  the  L2F-probe-volume 
number  concentration 

value  of  measured  two-dimensional  frequency  distribution 
values  of  measured  one-dimensional  frequency  distributions 
basic  level  of  measured  frequency  distributions 
power  of  light 

integrated  probability  density  functions 
probability  density  functions 

probability  according  to  probe  volume  intensity  distribution 

probability  of  a  successful  two-beam  transit 

separation  of  the  beams  in  the  L2F-probe-volume 

turbulence  intensities 

time  coordinate 

velocity  vector 

cartesian  components  of  the  velocity  vector  u 
circumferential  tip  speed  at  impeller  outlet- 

amount  of  velocity  vector  in  the  plane  perpendicular  to  the  optical  axis 
local  vector 

components  of  the  local  vector  x 

smallest  distance  of  the  measurement  location  from  a  light  scattering  wall 


a  angle  coordinate 

a,aQ  angle  setting  of  the  L2F  beams  plane 

0  angle  of  flow  vector  with  the  plane  normal  to  the  optical  axis 

Y  angle  between  the  green  and  blue  pairs  of  laser  beams 

ES  measuring  error  effecting  mean  velocity 

ex  measuring  error  effecting  turbulence  intensities 

<P  angle  of  rotating  of  the  3D-L2F-laser  beams 

P  correlation  coefficient 

°i'0a'ad  standard  deviations 

total  pressure  ratio 


1 .  INTRODUCTION 

In  1966,  very  soon  after  the  Laser  Doppler  (LD)  Method  became  known,  an  alternative 
optical  flow  velocity  measuring  method  was  introduced  by  D.H.  Thompson  [1].  This  method, 
named  "Tracer  Particle  Fluid  Velocity  Meter",  is  the  forerunner  of  the  kind  of  optical  mea¬ 
suring  devices  which  are  nowadays  known  as  Laser  Transit  (LT)  -  or  Laser  Two  Focus  (L2F) - 
Velocimeters.  The  idea  was  to  measure  the  time  of  flight  of  tracer  particles  carried  with 
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the  fluid  passing  through  two  separated,  parallel,  highly  focused  laser  beams.  When 
he  compared  his  method  with  the  known  LD-method,  he  saw  the  advantages  of  a  simpler 
optical  set-up,  simpler  date  managing  electronics  and  of  lower  powered  lasers  required  to 
detect  the  scattered  light  of  the  small  tracer  particles. 

This  system  {see  fig.  la  and  Tab.  1),  however,  with  the  fixed  orientation  of  the  two 
beams  in  the  probe  volume  and  the  way  of  measuring  the  time  of  flight  by  averaging  a  set 
of  oscilloscope  traces  could  only  be  applied  to  flows  with  uniform  flow  directions  and 
very  low  turbulence  intensities.  Therefore,  this  method  did  not  achieve  much  importance  at 
that  time,  but  in  1973  three  additional  papers  about  the  application  of  Thompson's  method 
were  published  (ref.  [2],  (3),  [4]).  Therein,  among  others,  new  ways  of  processing  the 
time-of-f light  data  were  described  by  which  it  became  possible  to  a  certain  extent  to  apply 
Thompson's  method  also  to  turbulent  flows.  This  was  the  main  reason  that  -  beginning  from 
that  year  -  a  much  faster  development  of  this  technique  was  initiated. 

In  order  to  give  an  overview  about  the  first  instrumentation,  used  by  the  authors 
[1)  to  [41, the  optical  arrangements  are  shown  in  fig.  1.  The  other  important  technical  data 
were  collected  for  comparison  and  are  shown  in  Table  1 . 

While  the  optical  arrangements  have  not  been  modified  very  much,  considerable  develop¬ 
ment  took  place  on  the  signal  processing  electronics.  There  is  one  group  (ref.  [21,  [5]  -  [14]) 
applying  correlators  and  photo  correlators  and  another  group  which  uses  multi  channel  ana¬ 
lysers  (MCA)  for  the  statistical  analysis  of  the  time  of  flight  measurements  (ref.  [15]  - 
[29]).  From  the  theoretical  point  of  view  there  is  no  question  that  from  its  principle  the 
correlation  analysis  should  be  superior.  However,  there  are  comparisons  made  (ref.  [13], 
[21],  [30],  [72])  which  demonstrate  that  only  at  very  high  data  rates  can  the  correlator 
prove  its  superiority  in  practice.  Considering  the  comparatively  low  particle  rate  even  in 
seeded  turbomachinery  flows  the  conclusion  must  be  drawn  that  in  most  applications 
the  measured  cross  correlation  function  equals  completely  the  measured  MCA-time  of  flight 
histogram  (ref.  [27  J ) .  The  data  of  both  types  of  electronics  need  a  further  reduction  which 
is  explained  in  detail  in  the  first  part  of  this  paper. 

In  the  past  several  authors  have  analysed  theoretically  the  L2F-system  (ref.  [3],  [5], 
[6],  [8],  [13],  [14],  [16],  [18],  [19],  [31],  [39])  in  more  detail.  Most  of  the  main  error 

sources  are  known  today  and  they  can  be  estimated  quantitatively.  However,  there  still  re¬ 

mains  a  great  deal  of  research  work  to  be  done  in  order  to  complete  our  understanding  about 
this  technique. 

Nowadays  L2F-Velocimetry  has  achieved  importance  in  the  experimental  fluid  flow  ana¬ 
lysis  comparable  to  LD-Velocimetry .  The  L2F  specific  fields  of  application  are:  low  tur¬ 
bulent  flows,  high  speed,  narrow  flow  channels. 

Several  L2F-Systems  are  on  the  market  today  (Malvern,  Spectron,  Disa,  Polytec,  TSI, 

IHI )  and  some  industrial  and  research  organisations  have  built  their  own  systems  for  in  house 

use.  These  systems  of  sometimes  very  different  design  were  used  e.g.  for  long  range  wind 

speed  measurements  (ref.  [10],  [12],  [32]),  for  measurements  in  heat  exchangers  (ref.  [25]), 

wet  steam  flows  (ref.  [23])  and  in  water  pumps  (ref.  [35],  [36],  [37]).  There  are  applica¬ 
tions  in  plasma  flows  (ref.  [34],  [38]),  in  diesel  engines  (ref.  33  )  and  in  wind-  and 

cascade  wind  tunnels  (ref.  [40] —[43]).  The  widest  distribution,  however,  the  L2F  has 
achieved  is  in  the  field  of  the  experimental  investigation  of  turbomachinery  flow.  Numerous 
reports  have  been  published  which  present  results  of  measurements  in  centrifugal  and  axial 
compressors  as  well  as  turbines  (ref.  [14]  -  [18],  [22],  [24],  [26]  -  [29],  [44]  -  [65]). 

The  detailed  laser  velocimetry  data  has  contributed  a  great  leal  to  our  improved 
understanding  of  turbomachinery  internal  flow.  This  is  expecially  true  with  regard  to  ro¬ 
tor  flows  which  are  nearly  unaccessible  for  conventional  measuring  techniques.  The  compari¬ 
son  with  theoretical  data  has  resulted  in  improved  mathematical  models  and  design  proce¬ 
dures.  Increasing  efforts  have  been  made  to  get  more  and  more  information  out  of  the  mea¬ 
surements.  Recent  measurements  of  turbine  and  compressor  rotor-stator  interactions  were  a 
high  point  in  the  experimental  research  (ref.  [66]  -  [69]). 

Because  this  measuring  technique  has  been  applied  to  such  widespread  areas  of  research, 
some  of  its  unfavourable  properties  have  been  recognized,  among  which  are; 

-  The  limitation  to  flow  turbulence  intensities  <  30  % 

-  The  unfavourable  long  measuring  time  at  high  turbulence  intensities  (>  10  %) 

Furthermore  the  experimentalists  are  now  asking  for  more  detailed  results,  such  as: 

-  3D-information  about  the  flow  vectors, 

-  closer  wall  proximity  for  measurement  in  small  turbo-chargers  or  for  tip  clearance  flow 
research. 

This  demonstrates  that  a  further  development  of  the  L2F-technique  is  required.  There 
are  some  new  ideas  and  some  new  improvements  in  the  context  of  this  technique  which  can 
help  in  the  future  to  overcome  the  mentioned  problems  and  to  further  extend  the  range  of 
applicability.  In  a  main  part  of  this  paper  an  overview  about  this  new  developments  will  be 
given.  Another  part  will  deal  with  a  comparison  between  LD-  and  L2F-Velocimetry  based  on 
consideration  of  the  probe  volume  geometry.  To  complement  and  complete  the  publications 
issued  to  date,  the  present  report  deals  with  the  evaluation  of  the  test  data  as  they  are 
carried  out  in  the  Institute  of  Propulsion  Technology. 
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2.  PROCEDURE  FOR  EVALUATING  L2F  VELOCIMETER  DATA 

The  mathematical  fundamentals  as  well  as  methods  to  evaluate  two-dimensional  frequency 
distributions  are  described.  In  particular,  however,  a  simplified  method  is  presented  for 
calculating  the  magnitude  and  direction  of  the  mean  velocity  as  well  as  the  turbulence  intensi¬ 
ties,  which,  though  mathematically  not  exact,  supplies  results  which  are  in  general  suffi¬ 
ciently  accurate  for  practical  applications.  This  simplified  method  uses  two  marginal  di¬ 
stributions  (integrated  two-dimensional  frequency  distributions) ,  which  can  be  determined 
by  a  special,  time-saving  measuring  procedure.  Both  L2F-systems  with  correlators  and  L2F- 
systems  with  multi  channel  analysers  can  generally  be  operated  as  required  by  this 
procedure.  Then  the  evaluation  procedure  is  valid  for  both  systems. 

2 . 1  Mathematical  fundamentals 

A  turbulent  flow  field  is  described  by  means  of  statistics  by  the  probability  density 

p  (ui,  u2 ,  u, ,  Xi,  x2  ,  x,,  t)  (1) 

where  the  velocity  vector  u  (x,  t)  is  considered  as  a  random  variable  (ref.  [70]).  ui,  u2  , 

U]  are  the  velocity  components  in  Cartesian  coordinates  and  Xi,  x2  ,  x5  the  Cartesian  coor¬ 
dinates  of  the  position  vector  x. 

If  considerations  are  limited  to  constant,  turbulent  flows,  the  time-independent  pro¬ 
bability  density: 

p  (u,  x)  dui  du2  du,  (2) 

then  indicates  the  probability  that  at  a  fixed  position  x  the  components  of  the  velocity 
vector  are  within  the  range  ui  +  du  i ,  u2  +  du2  and  u3  +  du3 . 

The  position-dependent  mean  values  F(x)  for  any  arbitrary  velocity  function  F(u)  are 
calculated  according  to 

4-  • 

F  <x)  =»  /  /  /  F  (u)  p  (u,  x)  du,  du2  duj  (3) 

it  being  understood  that  the  normalization  condition 

/  /  /  p  (u,  x)  dut  du2  duj  =  1 
is  valid.  ”  “ 

Using  the  L2F  velocimeter,  the  components  of  arbitrary  velocity  vectors  u  lying  in  the 
xi,  x2  plane  can  be  measured  for  direction  a  and  magnitude  Uj,  (see  fig.  3).  So,  for  example, 
the  mean  value  and/or  the  expected  value  of  the  velocity  component  uA  is  obtained  from 


“i"  /  J  /  ujL  p  (u,  x)  du,  du,  du,;  etc. 


For  two-dimensional  velocity  functions,  e.g. 

F (u)  =  F (u i ,  u2  )  ,  (6) 

eq.  (3)  can  be  transformed  to  read 

+■  ®  +• 

F(x)»  /  /  F(uir  u, )  (  /  p(u,  x)dut]  du,  du,  (7) 

By  means  of  this  equation  it  is  possible  to  show  an  essential  requirement  imposed  on 
two-dimensional  velocity  measuring  methods.  Complete  information  about  all  velocity  func¬ 
tions,  e.g.  those  defined  in  the  ui,  ua  plane,  will  only  be  obtained  if  a  measured  two-di¬ 
mensional  probability  density  function  p+(ui,  u2 ,  x)  fulfills  the  condition 

p  <U,,  Uj,  x)  =  f  p(u,  x)du i  (8) 

This  means  in  practice  that  the  u,  and  u2  components  of  all  velocity  vectors  u  that 
occur  must  be  taken  into  account,  even  for  large  u,  components.  Hence  the  axial  Tength  "1" 
of  the  probe  volume  measured  in  the  direction  of  the  radiated  laser  beam  (jc,  direction) 
must  be  selected  to  be  sufficiently  large.  In  the  L2F  system,  the  length  of  the  probe  (+1) 
is  selected  to  be  approximately  equal  to  the  separation  of  the  tvro  beams  (1  *  e)  so  that  eq. 
(8)  is  satisfied  up  to  turbulence  intensities  of  <  30  %  (see  fig.  2) . 


There  applies 


ui  cos  a 
u,  sin  a 


Transforming  eq.  (7)  into  polar  coordinates  and  using  eq.  (8)  and  eq.  (9) ,  gives 


F (x)  *  /  /  F(a,ujp  ia,  ux,  x)  ux  dux  da 


(10) 
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Furthermore,  the  L2F  process  does  not  record  the  velocity  magnitude  ui(  but  the  time 
t  which  a  particle  takes  to  cover  the  distance  between  the  start  and  stop  laser  beams 
namely: 


where  s  is  the  spacing  of  the  two  beams  in  the  probe  volume.  Transformation  of  eq.  (10) 
using  eq.  (11)  leads  to 


o  o 


Eq.  (12)  is  the  basic  equation  for  evaluating  the  L2F  test  data;  here,  also  the  normaliza¬ 
tion  condition 

2II+-  _2 

/  /  p  (a,  t,  x)^r  dt  da  =  1  ^3) 

o  o 

must  be  satisfied. 

s  ^ 

At  a  fixed  position  x  the  expression  p+(a,t,x)  dt  d  indicates  the  probability 
that  the  direction  of  the  flow  velocity  lies  in  the  angular  range  a  to  a  ♦  da,  and  its 
magnitude  ua  in  the  assigned  time  window  t  to  t  +  dt. 

Now  the  test  data  H^j  supplied  by  a  L2F  system  must  also  be  assigned  to  this  proba¬ 
bility.  For  time  measurements  to  be  assigned  to  a  test  point  of  the  flow  velocity,  the 
values  are  stored  and  ordered  in  the  time  window  tj  to  tj  ♦  it.  Such  frequency  distribu¬ 
tions  are  obtained  for  different  angles  i  of  the  plane  of  the  beams.  Those  velocity  vec¬ 
tors  are  covered  whose  directions  a  are  within  an  angular  range  to  a^  +  Aa.  This  an¬ 
gular  range  Aa  is  defined  by  the  geometry  of  the  probe  volume  (ratio  of  beam  diameter  d 
to  the  beam  spacing  s) .  Hence  the  frequency  is  a  measure  of  the  probability  of  the 

velocity  within  the  time  window  tj  to  tj  ♦  At  and  angular  range  i±  to  ai  ♦  Aa.  There 
applies: 


ij 


(a. ,  t • ,  x) —  At  Aa 
1  3  ■  t> 


Taking  into  account  the  normalization  condition,  for  sufficiently  small  it  and  iu. 

H ,  ■ 


l  l  HtJ 

i=1  j=  1  J 


p  (a,  ,t  j  ,  x)  —  At  Aa 


i*  3*  “ V 

If  the  integration  in  eq .  (12)  is  replaced  by  a  summation,  we  get  by  using  eq.  (15)  : 


F  (x ) 


m  n 

I  l  F  (a,  tin,, 
1-1  j=1 


(151 


(16) 


l  l 


Hli 


1-1  3=1 

Due  to  two  errors,  the  frequency  distributions  Nij  measured  in  practice  initially  are 
not  equal  to  the  distributions  H^j.  First,  as  a  result!  of  uncorrelated  time  measurements, 
a  basic  level  NRi  occurs  which  is  constant  against  tne  time  axis  (see  fig.  4)  and  second, 
the  distributions  are  distorted  by  the  fact  that  high-velocity  particles  are  recorded 
in  greater  number  than  particles  of  lower  velocity.  The  two  errors  are  corrected  by  the 
relation 


Hi  j  * 


N1J  -  NR1 

s/tj 


Thus  the  final  formula  for  evaluating  the  L2F  data  reads: 

N.  .  -  N. 


Fix) 


m  n  ... 

I  l  F  «V  „ 

1=  1  1  1 _ s  /  1j 

n  N . .  - 


m  n  N .  . 

F  i 


(17) 


(18) 


t-1  j»1  s  /  t: 

As  examples,  the  velocity  functions  for  various  mean  velocity  values  are  listed  in  Table  2. 
The  magnitude  of  the  mean  velocity  is  calculated  using 


and  the  angle  or  th^  raean  velocity  with: 


a 

the  turbulence  Intensity  with: 


arctq 

u  t 


Reynolds'  shear  stresses  with: 


(Ui  -  Ui)(U2  -  Uj) 


skewness  of  the  distribution  with: 


and  the  degree  of  flatness  with: 


(20) 


(21) 


(22) 


(24) 


2.2  The  evaluation  of  two-dimensional  frequency  distribution 

Evaluation  of  the  test  data  by  means  of  the  formulas  derived  in  chapter  2  proves  to  be 
particularly  easy  if  the  test  data  is  very  large  in  quantity  and  if  the  selected  time  and 
angle  intervals  for  the  discrete  frequencies  Nj_j  are  very  small.  The  summation  formulas  can 
be  directly  applied  to  the  test  data  without  any  noticeable  errors.  Only  the  summation  li¬ 
mits  have  to  be  determined. 

When  there  is  need  to  measure  the  mean  velocity  vector  and  also  the  moments  of  the 
velocity  distribution  function  with  great  accuracy  a  large  quantity  of  test  data  is  re¬ 
quired.  It  can  be  shown  by  statistical  theory  that,  if  the  same  accuracy  is  required, 
the  quantity  of  test  data  must  increase  if  the  moments  order  is  increased. 

In  practice,  however,  because  of  restricted  measuring  periods  the  test  data,  especially 
the  number  of  angle  settings  of  the  beams  plane,  is  limited  and  the  summation  formulas  can 
not  directly  be  applied.  By  means  of  two-dimensional  interpolation  procedures,  the  test 
data  can  be  approximated  quite  well,  and  sufficient  support  points  can  be  established  for 
the  summation,  in  this  way  additional  summation  error  can  be  avoided. 

The  reliability  of  these  approximation  methods  is  only  assured  if  the  frequency  di¬ 
stributions  have  only  small  statistical  fluctuations,  i.e.  if  the  frequency  distributions 
are  mostly  continous  against  the  time  axis  and  if  the  frequency  distributions  per  angle 
setting  do  not  fall  below  a  minimum  number:  If  the  accuracy  requirements  are  not  too  high, 
especially  if  the  moments  are  of  no  higher  order  than  2nd,  6-8  frequency  distributions 
measured  at  different  angle  settings  with  500  -  2000  test  data  points  each  are  needed  in 
practice. 

If  measurements  remain  below  these  values,  the  statistical  uncertainties  of  the  indi¬ 
vidual  test  data  N^j  increase  and  approximation  of  the  frequency  distributions  by  means  of 
two-dimensional,  often  very  complicated,  interpolation  procedures  becomes  more  unreliable. 
Then  the  errors  due  to  the  approximation  exceed  to  a  no  longer  negligible  extent  the  accu¬ 
racy  which  is  determined  by  the  quantity  of  test  data. 

Improving  the  approximation  of  the  two-dimensional  test  data  and  hence  reducing  the 
necessary  test  data  quantity  is  only  possible  if  the  characteristic  two-dimensional  shape 
of  the  velocity  distributions  in  a  flow  is  known,  in  this  case,  by  approximating  the  test 
data  with  known  functions,  it  is  possible  to  increase  the  accuracy  of  the  calculated  mean 
values  compared  with  the  one  given  by  the  test  data-  In  practice,  such  detailed  information 
about  the  flow  to  be  investigated  is  usually  not  available. 


3.  NEW  DEVELOPMENTS  OF  THE  L2F  -  TECHNIQUE 

Measuring-time- reducing  computer-controlled-proceseing  of  the  LD-  as  well  as  the  L2F- 
technique  is  nowadays  used  with  all  turbomachinery  applications.  By  applying  the  so-called 
"Multi  window  operation",  that  is  the  quasi  simultaneous  measurement  at  multiple  circumfe¬ 
rential  locations,  an  additional  reduction  of  measuring  time  could  be  achieved  (ref.  [18]) 
This  main  part  of  the  paper  will  give  an  overview  of  other  developments  for  time  saving 
methods  to  achieve  closer  wall  proximity  and  the  extension  of  the  L2F-technique  to  3D-ve- 
locity  measurements. 


r 


4 


r 


3.1  Determination  of  the  components  of  the  mean  veiocity  and  the  turbulence  intensities 
based  on  marginal  distributions 

In  numerous  flow  investigations,  and  this  applies  particularly  to  turbomachinery,  the 
**  variables  required  are  the  components  of  the  mean  velocity  vector  and,  possibly,  also  the 

turbulence  intensities.  Further  information  on  the  flow  which  is  included  in  the  two- 
dimensional  frequency  distribution  -  e.g.  Reynolds'  shear  stresses,  skewness  and  distri¬ 
bution  excesses  -  often  is  of  little  interest  in  these  investigations. 

In  such  cases  it  seems  to  be  inefficient  to  provide  two-dimensional  velocity  distri¬ 
butions  whose  measurement  involves  considerable  effort  and  then  to  use  only  a  fraction  of 
this  information  content.  It  seems  sensible  to  see  whether  the  mean  velocity  values  of 
,  interest  can  be  determined  using  far  less  complex  test  data  than  two-dimensional  frequen¬ 

cy  distributions. 


Based  on  the  two-dimensional  probability  density,  the  mean  velocity  values  are  cal¬ 
culated  in  Cartesian  coordinates  p+(ulf  U2,  x)  according  to  eq.  (3)  and  eq.  (8). 

+  •  ^ 

F  (x)  =  /  /  F(u,f  ui)p  (ui ,  Uj,  x)du,  du2  (25) 

The  component  Ui  of  the  mean  velocity  vector  is  e.g.  obtained  from 


u,(x)-J  J  u,  p+(Ui,  ua,  x)dui  du2 


(26) 


If  p+  (ui,  u2 ,  x)  is  integrated  to  each  of  the  two  velocity  components,  we  get  two  one¬ 
dimensional  distributions  which  in  statistics  (ref.  [71]/pp.  119  ff.)  are  known  as  margi¬ 
nal  distributions,  namely: 


and 


P,  (u, ,  x)  =  /  p+(u«,  Ua,  x ) du a 


Pa(u2,  x) 


+Q°  + 

=  /  p  (u,,  ua,  x) du i 


(27) 

(28) 


As  will  be  shown  later,  these  two  one -dimensional  marginal  distributions  contain  suf¬ 
ficient  information  for  determining  some  selected  mean  velocity  values. 


If  -  e.g.  in  eq.  (26)  -  the  two-dimensional  probability  density  in  the  double  inte¬ 
gral  is  replaced  by  the  product  of  the  two  marginal  distributions  and  if  we  put 


it  follows: 


Using  eq.  (27)  we  get 


and  eq.  (26)  gives 


Taking  into  account  eq. 


g(x)=J/ui  Pi  (u,  ,  x)  Pa  (Ua  ,  x)du,  du2 
g(x)=/Pa(u2,  x)  J  u,  P,  (u,  ,  x)du2  du, 

■fe»  +  oo 

g (x) =  /  P2 (u3 ,x)/  Ju,p  (u, ,U],x)du,  du2  du2 

+  a 

g(x)=/P:(ua,  x)  u  i  (x)  du2 

+  oo 

-  u, (x) / Pa (Ua ,  X)  du2 
(28)  and  the  normalization  condition 

/  /  p+  iui.  u a ,  x)  du,  dua  “  1 


(29) 


(30) 


it  follows  that. 

g  (x)  =  u,  (x)  (31> 

In  the  same  way  it  can  be  shown  that  to  determine  the  mean  value  of  the  velocity  com¬ 
ponent  Ua  and  for  the  moments  of  second  order  iu'i  -  Ei ) i  and  7u^  -  Tta )  *  necessary  for  tur¬ 
bulence  intensity  calculations,  the  two-dimensional  probability  density  can  be  replaced  by 
the  product  of  the  two  marginal  distributions.  This  does  not,  however,  apply  to  Reynolds' 
shear  stresses,  the  excess,  and  the  skewness  of  the  distribution,  but  as  mentioned  above, 
these  mean  values  are  not  of  interest  in  most  applications. 

It  is  sufficient  if  we  have  two  one-dimensional  frequency  distributions  as  test  data. 
These  can  be  provided  with  substantially  less  measurement  efforts  (see  below) . 
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With  L2F,  the  time  of  flight  "t"  and  the  flow  angle  "a"  are  measured,  and  not  the 
Cartesian  components  ulr  u2  of  the  velocity  vector.  For  the  ci,t  coordinate  system,  the 
above  considerations  cannot  be  verified  with  mathematical  exactness  and  errors  must  be 
anticipated  if  calculation  of  the  mean  velocity  values  is  not  based  on  the  two-dimensio¬ 
nal  frequency  distribution  (see  eq.  12) 

p++  (a,  t,  x)  »  p+  (a,  t,  x)  p-  02) 

but  on  the  marginal  distribution 

p  (a,  xl  =  J  p++  (a,  t,  x)dt  (33) 

O  “  o 

2n 

P.  (t,  x)  *  /  p  (a,  t,  x)da 

r  —  o  — 

To  estimate  the  error,  a  model  calculation  was  performed.  The  theoretical  frequency 
distribution  was  assumed  to  be  the  two-dimensional  Gaussian  distribution: 


G (u i ,u2 ,x) * 


2  J!  o ,  o  j  /  p'* 


-  <(^-u’)-2pH'-^  01Z HL  ♦  (&!-“»{>) 

a2  °2 

by  which,  as  is  shown  by  experiment,  most  of  the  frequency  distributions  measured  in  real 
flows  can  be  approximated-  The  components  of  the  mean  velocity  vector  uj  and  and 
the  turbulence  intensities: 

Tu,=o./'/sT^T  and  Tu*^.//g7^T 

are  exactly  known,  as  is  Reynolds'  shear  stress,  which  is  determined  with  .  as  the  corre¬ 
lation  coefficient  according  to 

_l  .  2 

•  0 1  •  0  /  (u,  ♦  u,> 

The  function  G  (ui,  u2 ,  x)  can  be  transformed  into  the  function  G  (a,  t,  x)  by  sub¬ 
stituting  the  relations  a  _  and  s  , 

u,  3  •£  cos  a  ui  *  ^  sin  a. 

Taking  account  of  the  factor  sa /t1  which  is  obtained  due  to  the  coordinate  transfor¬ 
mation  in  the  double  integration,  we  get  the  frequency  distribution 

p++(a,  t,  x)=  ^-j-  G(u»=J  cos  a,  u2=j?  sin  a,  x)  (36j 

t 

which  is  recorded  by  a  L2F  velocimeter  if  a  velocity  distribution  according  to  eq.  (35) 
exists  in  the  flow. 

The  mean  velocity  values  (see  Table  2)  calculated  with  eq.  (36)  according  to 
2n- 

F(x)=JjF(a,  t)  p  (a,  t,  x)  da  dt  (37) 

o  o 

are  of  course  in  agreement  with  the  mean  values  already  known. 

integration  of  p*Ma,  t,  x)  according  to  eq. 's  (33)  and  (34)  gives  the  two  marginal 
distributions  which  were  used  For  calculating  new  mean  values  according  to: 

2J1- 

/  JF  t^pata'  x > da.  ci t 

0  o 

As  anticipated,  the  mean  velocity  values  FR(x)  calculated  in  accordance  with  eq.  (38) 
differ  from  the  exact  values  calculated  using  eq.  (37). 

The  relative  error  of  the  components  of  the  mean  velocity  and  the  turbulence  intensi¬ 
ties  is  plotted  for  various  turbulence  intensities  and  correlation  factors  in  fig.  5.  Up 
to  turbulence  intensities  of  20  %,  the  relative  error  of  the  velocity  components  is  less 
than  1  %  and  of  the  turbulence  intensities  less  than  5  %. 


Errors  in  agreement  with  these  theoretical  results  occur  if,  using  frequency  distri¬ 
butions  measured  by  experimentation,  the  mean  velocity  values  are  calculated  in  accordance 
with  two  different  methods.  Such  small  test  errors  can  be  tolerated  in  most  applications 
and  particularly  in  turbomachinery  investigations,  where  the  aoplication  specific  test 
errors  are  of  the  same  order  of  magnitude.  This  shows  that  the  marginal  distributions  in 
a,  t  coordinates  are  also  sufficient  for  determining  the  components  of  the  mean  velocity 
and  the  turbulence  intensities  with  an  accuracy  satisfying  pracitcal  requirements. 
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Experimental  determination  of  the  marginal  distributions  is  as  follows: 

From  a  preset  (estimated)  angle  setting  ai,  of  the  plane  of  the  beams,  velocity  and  or 
time-of-f light  measurements  are  made  and  the  test  results  N._.  .  stored  in  the  multi¬ 
channel  analyzer  (see  fig.  6).  Measurement  is  completed  as  Boirt-’as  the  particle  counter 
has  recorded  a  preselected  number  of  start  events  (particles  which  have  passed  through  the 
start  beam) .  The  angle  of  the  plane  of  beams  is  now  set  to  a2  =  ai  +  Aa  and  measurement 
is  continued,  with  the  new  measurements  N*=2  j  being  added  to  the  stored  data  within  the  multi¬ 
channel  analyzer.  Hence  curve  2.  At  the  tnlrdjangle  setting  a3  =  ai  +  2Aa  and  all  fur¬ 
ther  *  ai  ♦  (m-1)  Aa  ,  the  measurements  are  performed  in  the  same  way.  After  completion 
at  the  final  angle  setting,  the  distribution  Ntj  is  obtained  which  corresponds  to  the  mar¬ 
ginal  distribution  Pt(t,x): 


i.e.  the  two-dimensional  frequency  distribution  integrated  over  the  angle. 

The  areas  beneath  the  individual  distributions  represent  the  total  number  of  events 
recorded  per  angle  setting.  These  are  recorded  by  means  of  an  additional  counter.  Now: 


The  distribution  Na^  is  the  two-dimensional  frequency  distribution  integrated  with  time 
and  corresponds  to  the  marginal  distribution  Pa(a,x)  (Representation  see  fig.  7). 

This  measurement  takes  considerably  less  time  than  the  basically  similar  measurement 
process  used  for  determining  two-dimensional  distributions.  The  reason  is  that  a  very  small 
number  of  measuring  events  are  sufficient  per  angle  setting.  The  strong  statistical  noise 
of  the  individual  distributions  is  largely  reduced  by  the  integration  and  even  30  to  50 
measured  events  per  angle  setting  provide  very  distinct  marginal  distributions. 

in  order  to  get  the  same  accuracy,  we  need  for  the  representation  of  a  two-dimensional 
frequency  distribution  6  to  8  one-dimensional  distributions  of  the  same  quality  measured 
at  different  angle  settings,  with  500  to  2000  test  points  within  each.  Practically,  the 
time  for  measuring  a  single  one  of  these  distributions  is  about  equal  to  the  time  required 
for  determining  the  marginal  distributions . 

A  particular  advantage  is  that  during  this  time  for  measuring  the  marginal  distribu¬ 
tion,  which  is  substantially  shorter  compared  to  the  total  measuring  time  for  two-dimen¬ 
sional  distributions,  about  20  -  30  different  angle  settings  can  be  realized.  The  result 
-  as  already  mentioned  in  chapter  2  -  is  that  not  only  the  number  of  the  support  points 
for  the  time  range,  but  also  that  for  the  angular  range  is  sufficiently  large  to  replace 
by  a  summation  the  integration  necessary  for  determining  the  mean  velocity  values.  Hence 
interpolation  functions  are  not  required  in  general. 

From  the  test  data  Nai  and  Nt^  we  get  the  marginal  distributions  necessary  for  deter¬ 
mining  the  mean  velocity,  values  taxing  into  account  the  noise  level  NtR,  Na£,  the  error 
due  to  the  particle  integration, and  the  normalization  condition  according  to: 


P. (t.,x)=- 


n  N.  .  -  N.  _ 

/  i  _£i _ £5 

j“1  s/t 


-  V*/  l  iNai'Na.  ’ 


Both  the  components  of  the  mean  velocity  vector  and  the  turbulence  intensities  are  calcula¬ 
ted  in  accordance  with: 


ran 

F(x)«  l  l  F  (a.,t.)P  (t.,x)P  (a. ,x) 
1-1  j-1  i  3  t  3  -  a  i  - 


3.2  Influence  of  flow  turbulence  on  the  L2F  data  rate 

The  L2F-Velocimeter  can  only  be  applied  to  flows  with  turbulence  levels  smaller  than 
30  %.  The  reason  is  that  at  high  turbulence  intensities  the  varying  velocities  approach 
to  a  non  negligible  extent  zero  velocity,  which  can  not  be  measured.  Therefore  error  will 
occur  when  mean  values  have  to  be  evaluated  on  the  basis  of  an  incomplete  histogram. 

Another,  more  practical,  reason  is  that  the  measuring  time  increases  with  increasing 
turbulence  intensities  and  becomes  remarkable  long  at  turbulence  intensities  exceeding  25  %. 

The  relation  between  measuring  time,  flow  turbulence  and  probe  volume  geometry  has 
been  derived  by  some  authors  (eg.  ref.  [13],  [65]);  however,  the  gaussian  intensity 


distribution  was  not  taken  into  account. 


Due  to  the  ratio  of  beam  diameter  and  beam  separation  in  the  L2F  probe  volume/  a  cer¬ 
tain  angle  interval  is  determined  within  which  particles  moving  in  different  directions 
can  intercept  both  laser  beams  and  contribute  to  the  time  of  flight  histogram  positively. 

The  probability  for  successful  interception  of  both  beams  is  not  equally  distributed  within 
this  angle  range.  Because  of  the  gaussion  intensity  distribution  the  signals  from  particles 
passing  through  the  centers  of  the  beams  have  a  much  higher  amplitude  than  those  from  par¬ 
ticles  passing  through  the  margins  of  the  beams  (see  fis.  8).  The  intensity  distribution 
described  by  3 


_I_  =  f  e  2(f)' 
i0  a 


(44) 


is  a  measure  of  the  probability  of  successful  crossings.  With  the  assumption 


a  -  a_  =  arc  tan 


2a 

S 


and  the  fact  that  for  flow  direction  a  *  aQ  the  probability  must  be 


(a  - 


2  o. 


CXf 


)• 


with 


°<i  ■  TT 


(45) 

we  can  write 

(46) 

(47) 


Eq.  (33)  describes  the  probability  that  a  turbulent  flow  has  a  certain  flow  direc¬ 
tion.  In  good  agreement  with  real  measurement  we  can  assume  that  this  distribution  has  a 
gaussian  shape.  Then  the  normalized  relation  is 


with 


p  (o.)  =  - ! —  •  -1- 

01  /2tT 


(a 


=  arc  tan  Tua  z  Tu2  :  Tui  t  Tu 


(48) 


(49) 


f  assuming  isentropic  turbulence. 

Let  us  assume  that  the  beams  plane  is  just  oriented  in  the  direction  aQ.  Then  we 
get  the  probability  of  successful  time  of  flight  measurement  by 


psucc  =  ^  pa*a*  *  PI  da 


~  L  /2J  oa 


(a  -  an) 2  (ad2  +aa3 ) 

2  »  oa'  •  od‘  da 


/ad 


(  1  ♦  (  g-  TU  )')  ? 


(50) 


The  results  are  shown  in  fig.  9.  The  typical  L2F  probe  volume  has  a  beam  diameter  to 
beam  separation  ratio  of  about  10/350.  In  this  case  at  10  %  turbulence  intensity  the, pro¬ 
bability  of  successful  interception  of  both  beams  is  only  13  %.  When  increasing  the  *  ratio 
this  value  can  considerably  be  improved.  However,  simultaneously  one  systematical  error 
i  does  increase  which  effects  the  beam  spacing.  In  fig.  10  this  situation  is  shown.  A  par¬ 

ticle  passing  the  beams’  centers  travels  a  distance  S.  But  if  it  tangentially  touches  the 
k  beams  as  illustrated  in  the  figure  the  distance  travelled  is  S'.  These  two  distances  are 

related  by  the  equation 


S'  *  S 

Substituting  the  beam  dimensions  the  error  es  was  calculated: 

r-  =  S-  S’ 


(51) 


(52) 
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For  an  error  <  1  %  the  d/s  ratio  must  be  smaller  than  0.14  s  10/70. 

Another  limiting  condition  for  the  d/s  ratio  is  the  lowest  measurable  turbulence  in¬ 
tensity.  This  effect  can  be  explained  with  the  help  of  fig.  11.  If  a  laminar  flow  with  no 
flow  angle  variations  is  assumed,  the  orientation  of  the  beams  plane  can  be  selected  within  a 
certain  angle  range  which  depends  on  the  d/s  ratio  and  measurements  can  then  be  taken.  A  Pa 
distribution  with  a  certain  variance  od  =  25  results  indicating  a  turbulence  which  does  not 
exist  in  the  flow. 

If  eq.  (45)  describes  the  real  pQ  distribution  which  exists  in  the  turbulent  flow, 
then  the  distribution  measured  with  a  L2F-system  is: 


3.3  A  L2F-System  for  near-wall  application 

Due  to  the  high  intensity  concentration  in  the  probe  volume,  bhe  L2F-technique  is 
known  to  be  a  very  powerful  tool  when  applied  to  near-wall  measurements.  The  minimum 
distance  from  a  scattering  surface  perpendicular  to  the  beam  axis  depends  on  the 
system  design  and  is  typically  about  1  mm. 

In  the  high  pressure  components  of  turbomachines  the  flow  channels  become  very  narrow. 
Very  small  flow  channels  can  be  found  in  small  sized  turbochargers  of  automobiles.  The 
diffuser  channel  depth  there  is  in  the  range  of  a  few  millimeters.  Other  areas  where 
measurements  are  required  very  close  to  walls  are  boundary  layer  research  at  hub  and  ca¬ 
sing  and  investigations  of  tip  clearance  effects. 

For  this  kind  of  application  an  improved  system  was  developed.  The  parameters  determi¬ 
ning  the  wall  proximity  xmin  are 

1.  the  diameter  of  the  beams  in  the  probe  volume  d.  From  the  formulae  published  in  ref.  [8] 
and  (17),  one  can  derive: 

-min  =  A  ■  d  .  b  ■  d> ,  (58) 

2.  the  aperture  of  the  receiving  optics,  the  separation  of  the  receiving  beam  path  from  the 
laser  beam  path,  and  the  quality  of  the  optics  used, 
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.  the  arrangement  of  field  stops  and  apertures 
4.  and  the  number  of  optical  elements  used  especially  in  the  receiving  beam  path. 

in  fig.  12  the  beam  path  is  shown.  The  diameter  of  the  beams  was  chosen  to  be  d  -  8  um. 
The  receiver  optics  F  are  diffraction  limited.  The  diameter  is  110  mm,  the  focal  length 
350  mm.  By  the  field  stops  H  the  total  receiver  aperture  is  reduced  to  70  %.  The  received 
scattered  light  beams  are  enlarged  by  the  lens  J  in  order  to  allow  proper  adjustment 
of  a  dual  aperture  K.  Polarization  elements  L  together  with  specially  designed 
field  stops  H  reduce  very  strongly  the  so  called  cross  talk  (ref.  [45 J)  between  the  beams. 

In  fig.  13  the  power  received  by  the  photodetectors  is  plotted  against  the  coordinate 
z  which  is  zero  in  the  probe  volume  center.  An  anodized  aluminual  plate  perpendicular 
to  the  optical  axis  is  used  as  a  scattering  surface  and  is  moved  through  the  probe  volume. 
The  photo  detector  response  compared  to  the  laser  beam  power  in  the  probe  volume  demon¬ 
strates  the  high  spatial  resolution  of  this  device. 

Tests  were  carried  out  within  a  very  small  rectangular  flow  channel  as  shown 
in  fig.  14.  The  channel  width  along  the  optical  axis  of  the  measuring  system  was  only 
3,8  mm.  The  probe  volume  was  traversed  in  y-  and  z-directions.  The  results  of  these  mea¬ 
surements  are  shown  in  fig.  15  and  16,  demonstrating  the  typical  flat  velocity  profile  and 
the  thin  boundary  layer  which  is  due  to  the  strongly  accelerated  flow  (area  ratio  about  1 0 ) . 
The  results  from  both  the  traverses  agree  very  well,  indicating  that  in  spite  of  the  very 
close  wall  proximity  no  significant  measuring  errors  were  introduced.  The  smallest 
achievable  distance  from  the  black  painted  backwall  was  0.1  mm,  that  approaching  the 
inner  window  surface  was  0.2  mm.  The  windows  were  clean  and  not  antireflection-coated. 

The  test  air  was  unseeded  laboratory  air.  When  approaching  the  wall  closer  than  0,6  -  1  mm 
the  threshold  level  of  the  signal  discrimination  had  to  be  increased  and  bigger  particles 
were  selected  for  the  measurements.  The  detected  power  level  of  scattering  particles  of 
different  diameter  is  shown  in  fig.  13  on  the  right  margin  of  the  plot.  Particles  of  about 
0,5  um  in  diameter  might  be  detectable  at  0,3  mm  from  the  wall. 


As  an  example  of  the  applicability  of  this  measuring  device,  the  results  of  one  of  the 
first  measurements  within  a  turbocharger  centrifugal  compressor  rotor  of  96  mm  outer  dia¬ 
meter  are  shown  in  fig.  17.  Measurements  were  made  at  70  %  of  the  meridional  length  of  the 
rotor  flow  channel,  the  rotational  speed  was  51,500  rpm,  the  massflow  0.4  kg/s,  the  pressure 
ratio  v t  =  1.3.  The  distribution  of  the  meridional  components  of  flow  velocities  normalized 
by  the  outer  diameter  circumferential  speed  shows  the  rather  potential  theoretical  charac¬ 
ter  of  the  flow.  Only  in  the  region  of  the  casing  wall  can  a  breakdown,  indicating  a  star¬ 
ting  wake  region  be  observed.  Near  to  the  hub  the  measurements  could  be  made  down  to  a  di¬ 
stance  of  0.3  mm.  To  approach  the  casing  window  closer  than  1  mm,  however,  was  not 
possible.  During  these  tests  the  window  had  to  be  washed  after  every  measuring  cycle.  By 
this  washing  procedure  they  did  not  get  as  clean  as  they  were  originally.  We  believe  that 
small  dirt  particles  disturb  the  incident  laser  beams  much  more  at  measurements  close  to 
the  window  than  close  to  the  hub.  Near  the  window,  the  diameter  of  the  laser  beams  at 
the  window  inner  surface  location  is  very  small  -  only  some  10  um  -  and  therefore  the 
disturbances  caused  by  a  small  dirt  particle  is  more  severe  than  in  the  other  case.  More 
sophisticated  cleaning  procedures  are  necessary  to  avoid  this  restriction. 


3.4  The  three-dimensional-L2F  system 

Since  the  L2F  velocimeter  measures  the  magnitude  and  direction  of  the  flow  vector 
component  in  the  plane  perpendicular  to  the  vertical  axis,  it  is  considered  to  be  a 
2d-measuring  system.  When  two  2d-velocimeters,  separated  from  each  other  by  an  angle  ft  as 
shown  in  fig.  18*  measure  at  the  same  point  within  a  flow,  one  gets,  two  different  2d-ve 
locities  from  which  usually  all  three  components  of  the  total  velocity  vector  can  be 
calculated.  To  get  sufficient  resolution  the  angle  ft  between  the  two  devices  should  be  not 
much  smaller  than  30  deg.  This  very  ususal  method  of  conducting  3d-measureroents  requires  rather 
large  windows  which  are  very  difficult  to  install  in  the  often  strongly  curved  turbomachi¬ 
nery  casings. 

In  1980  we  found  a  new  method  for  applying  the  L2F-principle  to  3d-flow  analysis.  The 
first  prototype  based  on  this  method  was  operated  successfully  in  1981.  It  is  a  com¬ 
pact  device  by  which  the  transmitted  laser  beams  as  well  as  the  received  light  pass  through 
one  collimator  lens  of  nearly  the  same  aperture  as  used  in  2d-L2F  systems.  Therefore  this 
3d-method  does  not  require  larger  windows. 

The  principle  of  this  method  can  be  explained  with  the  help  of  fig.  19,  where  the  beam 
path  from  the  collimator  lens  on  the  left  side  up  to  the  probe  volume  is  schematically 
drawn.  The  3d-system  consists  basically  out  of  two  2d-L2F  systems  of  different  color. 

The  upper  pair  of  parallel  lines  correspond  centerlines  of  a  blue  system,  the  lower 

ones  to  a  green  system.  All  four  beams  are  strongly  expanded  at  the  collimator  location 
and  they  are  focused  down  to  about  10  um  in  diameter  at  the  probe  volume  location.  The 
beams  1g,  1b  and  2g,  2b  intersect  in  the  points  A  and  B  respectively.  The  points  A  and  B 
and  the  optical  axis  determine  a  reference  plane  by  which  the  intersection  angle  2*Y  of  the 
blue  and  the  green  pair  of  beams  is  divided  into  two  equal  parts.  The  two  pairs  of  beams 
and  therefore  the  reference  plane  can  be  rotated  around  the  optical  axis  (angle  $) .  In 
this  way  the  intersection  point  B  moves  around  a  circle  while  A  remains  fixed. 
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Now,  let  us  assume  an  arbitrary  flow  vector  u.  The  reference  plane  is  adjusted  by 
turning  the  blue  and  green  pairs  of  beams  to  such  an  angle  <J>m  that  the  vector  u  lies  just 
within  this  plane.  The  straight  line  xi  connects  the  two  points  A  and  B  and  is  the  inter¬ 
section  line  between  the  reference  plane  and  the  plane  perpendicular  to  the  optical  axis. 
Line  X!  and  the  velocity  vector  u  include  the  angle  6.  The  component  of  the  u  in  the  di¬ 
rection  of  the  optical  axis  then  is  |uj  •  sin  8. 

One  necessary  supposition  for  successful  L2F-measurements  is  the  fact  that  the  flow 
vector  must  lie  within  the  plane  of  the  beams ,  the  measuring  plane.  In  the  case  shown  in 
fig.  19,  the  planes  of  the  blue  and  the  green  pairs  of  beams  intersect  in  the  straight  line 
xi.  The  vector  u  which  is  in  the  angle  bisector  plane  is  neither  in  the  blue  nor  in  the 
green  measuring  plane.  Therefore  u  cannot  be  measured  at  that  orientation  of  the  refe¬ 
rence  plane  even  if  we  assume  a  sufficient  long  extension  of  the  probe  volume  in  the 
direction  of  the  respective  pair  of  beams.  A  small  clockwise  turning  to  will  bring  u 
into  the  plane  of  the  green  beams  and  successful  measurements  occur  with  the  green  system 
and  none  with  the  blue.  A  counter  clockwise  rotation  $b  brings  the  flow  vector  into  the 
blue  measuring  plane  and  now  this  system  operates  and  the  green  one  does  not. 

With  the  green  and  the  blue  systems  the  same  velocity  component  was  measured 


however,  different  angles  $g  and  Oj-,  were  detected.  The  angle  difference  is  positive  increa¬ 
sing  when  8  increases  and  negative  for  negative  angle  8.  If  8  equals  zero  i.e.  u  is  in  the 
direction  of  xi,  then  both  the  blue  and  the  green  system  detect  the  same  angle.  Conside¬ 
ring  the  geometrical  situation  the  following  relation  can  be  derivated 


sin  (  ) 

8  =  arc  tan  - 

tan  y 

u  .  -3-(.orJa! _ 

cos  (  2  ^  )  •  cos  8 

<t>  =  _ 


(60) 


(61) 


(62) 


The  angle  1  formed  by  each  of  the  pairs  of  beams  1g,  2g;  1b,  2b  with  the  optical  axis 
is  in  practice  limited.  It  is  possible,  by  using  spherical  optics,  to  obtain  an  angle  Y  of 
approximately  6.50°.  Fig.  20  illustrates  the  change  in  the  angle  difference  <j>g  -  ^  as  a 
function  of  the  angle  6/  given  an  angle  Y  of  6.5°.  It  will  be  seen  that  this  curve  is 
substantially  linear,  so  that  readily  measurable  differences  $q  -  $>b  are  obtained 
even  when  the  angles  6  are  small. 

The  accuracy  in  the  angle  measurement  by  the  L2F  method  depends  to  a  large  extent 
upon  the  probe  volume  dimensions  (d/s  ratio),  upon  the  number  of  measurement  data  gathered, 
and  upon  the  degree  of  turbulence  in  the  flow.  When  turbulence  is  small  (<  5  %)  uncertain¬ 
ty  in  measurement  is  0.1°  to  0.2°  and  when  turbulence  is  great  (>  10  %)  it  is  0.3°  to  0.5°. 
Thus,  uncertainty  in  determinating  the  angle  8  is  0.4°  to  0.7°  when  turbulence  is  small, 
and  1°  to  2°  when  turbulence  is  great. 

The  relation  between  the  3d- velocity-fluctuations  and  the  shape  of  the  measured  fre¬ 
quency  distribution  has  not  been  derived  till  now,  since  the  consequent  further  develop¬ 
ment  of  this  3d-method  was  interrupted  due  to  other  activities.  It  also  seems  to  be  a  ver> 
complicated  relation  and  it  may  take  some  time  until  it  can  be  completely  understood.  In 
order  to  overcome  this  situation,  tests  can  be  carried  out  in  flows  of  known  turbulence  in¬ 
tensities  and  from  the  results,  empirical  correlations  can  be  deduced  which  might  be  use¬ 
ful  to  give  a  first  estimation  about  the  turbulence  intensities. 

A  complete  set  of  electronics  is  required  for  only  one  of  the  two  systems  of  diffe¬ 
rent  color  in  order  to  deliver  one  flow  angle  ag  and  the  velocity  component  cg ,  which 
equals  cfc.  For  the  other  system,  only  the  second  flow  angle  <*b  must  be  registered  and  a 
much  simpler  set  of  electronics  is  sufficient.  Since  the  differences  of  the  measured 
angles  ag  -  are  very  small,  the  number  of  various  angle  positions  of  the  measuring  plane 
need  not  be  increased  significantly  over  the  number  needed  for  2d-measurements.  Therefore 
the  measuring  time  of  the  3d-technique  will  not  be  significantly  longer. 

The  optical  setup  used  with  the  first  prototype  system  is  shown  in  fig.  21.  The  follo¬ 
wing  numbers  indicate:  10  and  11  beam  expander,  12  dicroitic  beam  splitter,  13  >/4  plates, 
14  and  15  laser  line  filters,  16  double  hole  mirror,  17  Rochon  prism,  18  image  rotator 
prism,  19  collimator  lens,  22  dichroic  mirror,  23  mirror,  24  lens,  25  microscope  objec¬ 
tive,  26  pin  hole,  27  laser  line  filter,  28  Rochon  prism,  31,32  photomultiplier. 

First  measurements  made  in  a  flow  of  selectable,  known  flow  direction  have  proved  in 
general  the  3d-measuring  principle.  However,  the  theoretical  relation  between  the  measured 
angle  difference  ag  -  av,  and  flow  angle  8  (see  eq.  60)  was  not  in  good  agreement  with  the 
measured  data  as  shown  in  fig.  20.  Practically  the  system  was  somewhat  less  sensitive  to 
8  ancle  variations  than  theoretically  predicted.  The  reasons  are  not  fully  understood  and 
require  additional  future  research.  It  is  easy  to  understand  that  this  method  is  limited 
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to  6  angles  smaller  than  45°  because  of  the  limited  axial  length  of  the  probe  volumes. 

A  short  test  period  in  a  transonic  axial  compressor  has  demonstrated  the  applicabi¬ 
lity  of  the  3d-L2F  techniques  to  turbomachinery  flows.  However,  also  a  severe  limitation 
of  this  first  3d-device  was  discovered:  near-wall  measurements  were  possible  only  down 
to  distances  of  about  10  mm.  The  light  scattered  from  the  surfaces  of  the  numerous  opti¬ 
cal  components,  especially  from  the  inner  surfaces  of  the  image  rotator  prism,  was  res¬ 
ponsible  for  this  limitation  although  all  parts  were  antireflection-coated. 

At  the  end  of  the  last  year,  we  restarted  the  3d-L2F  development  work  and  we  believe 
that  the  capabilities  of  the  first  prototype  can  be  improved  in  the  future. 


4.  LD/L2F  COMPARISON 

Although  the  L2F  as  well  as  the  LD  methods  have  been  well  established  in  experi¬ 
mental  fluid  flow  research,  the  discussion  about  their  applicability  range  continues. 
Comparisons  have  been  carried  out  which  were  based  more  on  theoretical  considerations 
than  on  experimental  results  (see  ref.  [8],  [13),  [17],  [42],  [44],  [72]).  Agreement 
exists  today  that  in  general  the  L2F  system  has  important  advantages  when  applied 
to  small  flow  channels  with  high  speeds  and  low  turbulence  intensities  and  that  the  LD- 
systern  is  superior  when  the  application  consists  of  low  speed  flows  of  very  high  turbulence 
intensities . 

In  practice,  the  flow  to  be  analysed  cannot  always  be  clearly  classified  as  being 
one  of  the  two  flow  situations  considered.  Both  velocity  measurement  methods  can  be  ope¬ 
rated  over  rather  wide  ranges  which  do  overlap  to  a  great  deal.  Therefore  it  often  be¬ 
comes  a  problem  of  weighting  the  different  properties  of  the  systems  in  order  to  decide 
which  is  better  suited.  The  results  from  the  following  comparison  can  perhaps  be  used  to 
simplify  such  decisions.  The  comparison  is  related  to  the  probe  volume  geometries  (see 
fig.  22)  and  the  properties  of  the  data  acquisition  electronics. 

The  LD-velocimeter  measures  the  velocity  component  perpendicular  to  the  plane  of 
the  fringes  u,  which  can  be  calculated  from  the  signal  frequency  fD  and  the  fringe  di¬ 
stance  Sf  according  to 


u 


(63) 


With  the  L2F-Velocimeter  the  velocity  component  perpendicular  to  the  beam  axis  and 
parallel  to  the  respective  a-setting  of  the  plane  of  the  beams  can  be  registered  by  using 
the  time-of -flight  measurements  t  and  the  known  beam  separation  S  according  to 


u 


(64) 


The  numerous  data  of  both  systems  usually  will  be  arranged  as  one  or  even  two  dimen¬ 
sional  velocity  histograms  which  are  the  basis  for  further  data  reduction  and  statistical 
mean  value  calculation  procedures. 


The  electronics  used  today  for  the  LD  signal  analysis,  i.e.  counter,  correlator  and 
frequency  tracker  can  only  analyze  signals  with  doppler  frequencies  lower  than  f^ax  = 
50  MHz.  When  measurements  in  turbulent  flows  are  considered,  the  system  must  be  able  to 
measure  at  least  two  times  the  mean  velocity.  With  eq.  (63)  and  a  given  value  of  Sf, 


u 


max 


fDmax 

2  *  bf 


(65) 


Furthermore  ,  the  LD-signal  should  exceed  a  certain  length  or  a  minimum  number  of  pe¬ 
riods  of  the  amplitude  variations,  Nmin,  which  corresponds  to  the  number  of  fringes  in  the 
probe  volume.  Frequency  shifting,  not  very  usual  at  high  speed  applications,  is  not  con¬ 
sidered.  The  diameter  d  of  the  LD  probe  volume  is  then  determined  by  Nmin  and  Sf: 


min 


(66) 


From_eq.  65  follows  the  relation  which  determines  the  probe  volume  geometry  as  a  func¬ 
tion  of  u 

j  ^  Nmin  -  , r-, . 

min  *  ’ 


For  the  processing  of  L2F  signal  correlators,  counters  and  time  to  amplitude  conver¬ 
ters  (TAC)  in  connection  with  multichannel  analyzer?  can  be  used.  Correlators  and  counters 
are  digital  electronic  components  with  time  resolution  of  ID^seconds.  The  TAC  is  an  analog  device 
with  a  time  resolution  of  about  10“ 10  seconds.  A  time  resolution  of  10“®  seconds  is  nor¬ 
mally  '  sufficient  for  accurate  measurements  even  at  high  speeds.  At  speed  of  u  =  500  m/s 
and  beam  separation  of  S  =  0.35  mm  the  possible  velocity  error  e  is  smaller  1  %.  This  error 
will  only  increase  with  higher  speeds  and  smaller  beam  separations  only  by 


u 


£  = 


*  time  res.  * 


(68) 
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Therefore  the  conclusion  can  be  drawn  that  L2F  probe  volume  geometry  need  not  be 
adapted  to  the  highest  measurable  flow  speed. 

Such  other  reasons  as  the  laser  power  required  for  small  particle  detection  and  the 
necessity  of  near-wall  measurements  determine  the  diameter  of  the  probe  volume,  for  which 
about  10  um  is  recommended.  In  order  to  minimize  the  measuring  time,  the  d/s-ratio  should 
be  based  on  the  flow  turbulence  according  to  eq.  (50) 


=  ( 1  +  {  ^  Tu  ) 2  ) 


2  » ”1/2 


(69) 


For  comparison  we  have  chosen  two  LD  and  two  L2F  systems,  the  latter  optimized  for 
40  %  successful  two  beam  transits 


500  urn 


=  100  um 


T  =  arbitrary 


1) 


2) 


L2F 

Tu  =  3  *. 

d  =  1 0  um 

S  *  350  um 

Tu  =  16  %, 
d  =  1 0  um 

S  =  70  um 


The  highest  intensity  in  the  probe  volumes,  taking  in  account  the  gaussian  intensity 
distribution  of  the  laser  beams,  was  calculated  (see  ref.  [72])  by  using 

t  _  16  •  Po  t  —  4  •  Pq_ 


max  ?!  d2  max 

with  the  power  of  the  laser  used  PQ  of  1  Watt  we  get  Imax 


TT  d2 


1) 

2) 


20  W/mm2 
510  W/mm2 


12,700  W/mm2 


The  result  is:  in  order  to  get  an  equally  good  signal  quality  from  the  same  particle, 
the  first  LD-system  needs  625  times  and  the  second  LD-system  25  times  more  laser  power 
than  the  L2F  systems. 


The  power  scattered  from  particles  of  diameter  dD  scattered  in  pure  backward 
direction  into  collecting  optics  of  a  f  #  of  3.7  related  to  the  laser  power  PQ  is 
calculated  by 


P 


Q 


PQ  •  A  •  IB  •  d 


(70) 


The  probe  volume  diameter  d  must  be  inserted  in  um.  The  value  of  A  equals  1  for  L2F-  and 
4  for  LD-systems.  The  magnitude  of  IB  depends  on  the  particle  diameter.  It  is  plotted  in 
fig.  23.  With  a  fixed  probe  volume  geometry,  the  power  P.'t  is  proportional  to  Ig.  As  the 
shape  of  the  curve  in  fig.  23  indicates: 


The  power  ratios  P  /PQ  of  the  different  systems  were  calculated  for  some  selected 
particle  diameters  and  shown  in  table  3. 

The  ratio  of  the  smallest  detectable  particle  diameters  was  derived  by  combining 
equations  (70)  and  (71),  i.e. 


dp  LD 
dp  L2F 


1  (  ^D_  w,1/4 

t  (  a  ’  ’ 

L2F 


(72) 


If  we  assume  the  smallest  detectable  diameter  for  L2F  systems  to  be  0.15  um  (compare 
with  fig.  13)  the  first  LD  system  will  recognize  particles  of  0.75  um  and  the  second  LD 
system  those  of  0.35  um  in  diameter. 

In  several  applications,  the  drawback  that  LD-velocimeter  are  restricted  to  bigger 
particles  can  be  compensated  by  the  use  of  high  power  laser.  When  the  L2F-velocimeter  is 
operated  with  a  power  of  0.2  W,  the  smallest  detectable  particles  are  about  0.2  um  in  dia¬ 
meter.  The  second  LD  system  requires  a  power  of  5  W  for  the  detection  of  the  same  small  par¬ 
ticles,  while  the  first  LD  system  needs  125  W  which  is  not  available  in  todays  lasers. 

With  a  5  W  laser  the  first  LD  system  will  detect  only  particles  bigger  than  0.5  um  in  diameter. 

However,  in  flow  situations  where  background  flare  is  important,  the  use  of  high  power 
laser  will  not  improve  the  situation,  since  not  only  the  signal  amplitude  but  also  the  back¬ 
ground  flare  Increases. 

The  calculation  of  the  background  flare  often  is  very  difficult.  Too  many  parameters 
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e.g.  the  quality  of  optics ,  position  and  design  of  field  stops  etc.  affect  the  determina¬ 
tion  of  the  measuring  positions  closest  to  a  wall.  The  most  important  parameters,  how¬ 
ever,  are  the  probe  volume  diameter  and  the  f-number  of  the  receiver  lens  used.  Calcula¬ 
tions  were  carried  out  on  the  basis  of  relations  which  were  published  in  ref.  (8).  A  con- 

focal  backscatter  optical  device  with  a  receiver  lens  of  a  f-number  of  3,5  was  considered.  1 

For  comparison,  all  other  optical  components  in  the  systems  considered  were  kept  identical, 
except  for  the  apertures  which  were  adapted  to  the  respective  probe  volume  diameters .  The 
results  in  fig.  24  show  the  related  received  power  scatter  from  a  surface  which  is  moved 

along  the  optical  axis  (x-axis)  beginning  from  the  probe  volume  center.  A  black  anodized  J 

aluminum  plate  was  considered  to  be  the  scatter  surface. 

At  that  position  on  the  axis  where  the  received  scattered  light  power  becomes  zero 
the  closest  possible  wall  position  is  determined.  We  find: 


These  theoretical  results  agree  quite  well  with  the  experimental  results  in  the  case 
of  the  L2F  system  {see  fig.  13)  and  will  also  predict  quite  well  the  xmin  value  for  the 
LD  systems.  However,  in  well  designed  LD  systems  another  kind  of  field  stop  design,  from 
which  smaller  xmin  values  can  be  expected,  can  be  more  efficient  than  that  considered. 


In  order  to  estimate  the  particle  rate,  we  must  consider  the  volume  flow  through  the 
probe  volume,  i.e. 

V  =  d  •  1  •  u  (74) 

with  1  the  axial  length  of  the  probe  volume.  If  is  the  number  concentration  per  unit 
volume  of  particles  with  greater  diameters  than  d,  the  particle  rate  Rp  follows, 

Rp  =  V  •  Nd  =  d  •  1  .  u  •  Nd  (75) 

In  the  following  the  axial  probe  volume  extensions  of  the  different  systems  were 
assumed  to  be: 

L2F  :  1=0. 3  mm  1)LD:  1=  3mm 

2)  LD  :  1  =  0.6  mm 


As  long  as  the  flow  is  artificially  seeded  with  particles  big  enough  to  be  detected 
by  all  systems,  the  data  rate  Rd,  which  is 


R 


d 


R  •  p 
P  succ 


(76) 


(see  fig.  9),  depends  only  on  the  probe  volume  dimensions.  Results  of  example  calculations 
are  shown  in  Table  4.  Psucc  was  assumed  to  be  1  for  the  LD-system,  and  takes  values  accor¬ 
ding  to  fig.  9  for  the  L2F-systems .  The  other  parameters  were  chosen  to  be  u  =  300  m/s  and 
N<3  =  1000  particles/cm1.  The  LD-systems  show  significantly  higher  data  rates  in  these  kind 
of  flows  with  particles  all  bigger  than  about  0.7  urn.  In  view  of  their  streamline  following 
behavior,  such  big  particles  can  be  tolerated  only  in  weakly  accelerated  flows. 


In  highly  accelerated  flow  particles  smaller  than  0.5  urn  are  required.  These,  however 
cannot  be  detected  by  the  first  LD  system,  which  is  designed  for  high  speed  application. 


When  measurements  in  unseeded  flows  are  considered,  the  situation  is  different.  From 
the  Junge  distribution  of  particles  in  atmospheric  air  follows 


Nd  -  d"4 


(77) 


The  smallest  detectable  particle  dp  results  from  eq.  70  and  71  (LD:  A  =  4;  L2F :  A  =  1) 


dp 


(78) 


By  inserting  eq's  77,  78  and  75  into  eq.  76  we  get: 


Rd  =  p_ 


Rd 


§r  ’  Ndo  •  do2 
1/d 


(79) 


Ndo  is  a  reference  number  concentration,  dQ  the  probe  volume  diameter  of  a  L2F-refe- 
rence  system.  With  the  assumptions  dQ  =  10  um,  N<Jq  =  3000  particles/cm*  and  u  =  300  m/s, 
the  data  rate  was  also  calculated.  Equal  powers  of  the  laser  used  were  also  assumed. 

The  results  shown  in  table  5  indicate  very  similar  data  rates  as  long  as  those  L2F- 
systems  optimized  to  the  respective  turbulence  intensities  are  considered.  If  the  first 
L2F  system  for  low  turbulence  application  is  used  in  flows  of  about  15  %  turbulence  inten¬ 
sity,  the  L2F  data  rate  is  only  1/10  that  of  the  LD-systems.  This  is  equivalent  to  a 
10  times  longer  measuring  time. 


iL 


In  summary  the  most  important  factors  which  influence  the  applicability  of  a  veloci- 
meter  are: 

-  The  highest  acceleration  within  the  flow  to  be  measured.  The  following  behaviour 
of  the  particles  determines  the  greatest  particle  diameter  which  can  be  tolerated. 

-  The  smallest  distances  from  surfaces  where  measurements  must  be  taken. 

-  The  flow  turbulence  intensity. 

-  The  highest  velocity  to  be  measured. 

-  The  number  distribution  of  particles  in  the  flew,  seeded  or  unseeded. 


5.  CONCLUSION 

The  development  of  the  L2F-velocimetry  was  described  and  an  overview  of  the  published 
literature  was  given.  A  procedure  for  evaluating  the  flow  mean  values  from  the  measured 
data  was  described  and  a  simplified  method  was  introduced  which  enables  a  time-saving  mea¬ 
suring  procedure.  The  dependency  of  the  measuring  time  on  the  d/s  ratio  of  the  L2F  probe 
volume  was  demonstrated.  Two  newly  developed  L2F  systems  were  intoduced:  a  system  well 
suited  for  measurements  in  very  narrow  flow  channels  and  a  3-dimensional  L2F-system.  On 
the  basis  of  probe  volume  geometry  considerations,  the  different  characteristics  of  two 

LD-  and  two  L2F  systems  were  compared.  In  general,  the  paper  has  described  some  new  de¬ 
velopment  in  L2F  velocimetry.  There  are  some  other  very  promising  ideas  for  further  de¬ 
velopment  of  this  technique.  One  is  to  replace  the  two  spots  with  two  light  sheets  in 

order  to  get  higher  data  rates,  especially  in  turbulent  flows.  This  system  is  in  develop¬ 
ment  at  Onera. 

Another  exiting  idea  was  introduced  by  L.  Lading  (ref.  [73]).  In  his  system,  each 
spot  is  replaced  by  two  spots  of  different  linear  polarization.  The  scattered  light  from 
the  two  double  spots  is  detected  by  four  photodiodes.  With  this  configuration  quasi  time 
filtered  signals  can  be  obtained,  which  should  enable  a  much  better  pulsecenter  determina¬ 
tion  and  a  reduced  background  noise. 

Future  developments  will  deal  with  the  further  extension  of  the  range  of  applicabili¬ 
ty  of  the  L2F  technik  in  the  field  of  optical  velocimetry. 
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none 

in  much  detail 

none 

angle  setting 

fixed 

fixed 

fixed 

several  angle 
settings 

kind  of  data 

multiple 

Cecil loscope 
traces 

miltiple 

Oscillosoope 

traces 

one  dimensional 

correlation 

function 

tvo  dimensional 

probability 

histogram 

u 

u 

\T 

u,  v 

Tu,  Tv 

Table  1 :  Characteristical  data  of  the  first  L2F-Velocimeters 


F  ( x ) 

Fla,  t) 

u, 

s 

■£  cos  a 

U2 

s 

£  sin  a 

(ill  -  fii)n 

cos  a  -  u,)n 

(  u  j  -  u  2  )  n 

<|  sin  a  -  G,)n 

(u,  -  U 1 )  •  (Uj  -  Ui) 

cos  a  -  u,) (|  sin  a  -  G:) 

Table  2:  Velocity  functions  F(a,t)  for  various  mean  velocity  values 
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Piq.  1:  Schematic  layout  of  various  types  of  L2F-velocimeters 
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Fig.  9:  Probability  of  successful 

two  beams  crossings 


Fig.  10:  L2F  probe  volume 

(error  of  beam  separation) 
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13:  Intensity  del 
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6:  Results  of  flow  channel  measurements  (2-traverse) 
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7 :  Results  of  turbocharger  compressor  measurements 


2D  -VELOCIMETER 


Fig.  18:  Usual  laser  velocimeter  arrangement  for  3d  measurements 


COLLIMATOR  LENSE 


Fig.  19:  3-dimensional  L2F  principle 


Fig.  20:  Sensitivy  of  the  3d-L2F  system 
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DISCUSSION 


R.L. Elder,  UK 

Would  the  author  like  to  comment  on  the  various  data  process  >rs  available  for  Doppler  aneniometry?  Their  sensitivity 
and  speed  are  different,  and  the  choice  is  important  for  a  particular  application. 

Author's  Reply 

The  I.D-L2F  comparison  is  based  on  considerations  about  the  probe  volume  geometry  only.  If  optical  systems  with 
equal  sensitivity  of  the  receiving  optics  are  considered,  the  comparative  data  are  related  to  the  signal  amplitude  of 
photodetectors  of  the  respective  systems.  The  different  SNR  (Signal  to  Noise  Ratio)  of  the  different  LD  electronics  used 
for  the  signal  processing  have  not  been  taken  into  account  in  this  comparison. 


P.Hutchinson,  UK 

What  is  the  dependence  and  magnitude  of  the  incorrect  count  number  (arising  from  different  particles  passing  through 
the  two  beams)  on  the  turbulence  intensity? 

Author’s  Reply 

The  incorrect  count  numbers  can  be  identified  by  a  statistical  data  analysis.  By  this  way  of  processing,  the  incorrect 
count  numbers  generate  a  base  line  in  the  measured  probability  histogram  This  base  line  data  will  be  subtracted  from 
the  histogram  data  before  the  data  are  used  for  further  reduction.  Therefore  the  incorrect  count  numbers  w  ill  not  affect 
the  turbulence  intensity  or  any  other  kind  of  velocity  mean  values.  The  calculation  of  probability  of  successful  two 
beams  transits  docs  not  take  into  account  these  incorrect  count  numbers. 


W.U.AIwang,  US 

How  sensitive  is  the  L2F  system  to  the  ability  to  maintain  diffraction  limited  imaging  in  practical  systems,  i..c.  in  the 
quality  of  optic,  windows,  gas  density  fluctuations,  etc...? 

Author's  Reply 

There  are  no  doubts  that  L2F  systems  are  more  sensitive  against  disturbances  in  the  optical  beam  path  than  I.D 
systems.  The  reason  is  that  the  laser  beam  is  focused  down  in  the  probe  volume  to  only  U!  yim;  UD  systems  have  much 
bigger  probe  volume  diameters.  Therefore  all  optical  components  including  the  casing  window  must  be  of  high  quality. 


B.Eakshminarayami.  US 

The  3D  system  you  described  is  a  very  exciting  system. 

( 1 )  Did  you  take  any  measurements  in  an  axial  or  centrifugal  flow  compressor,  including  radial  velocities? 

(2 )  What  is  the  smallest  radial  velocity  component  you  can  measure? 

(3)  Did  you  compare  your  L2F  data  with  hot-wire  data? 

Author's  Reply 

( 1 )  We  checked  this  3D  prototype  at  first  on  a  free  jet,  as  I  told  you  in  my  paper.  We  also  did  measurements  in  an  axial 
transonic  compressor.  The  main  drawback  we  found  was  that  we  could  not  approach  the  window  or  the  hub  at  a 
distance  less  than  1 0  or  1 5  mm  due  to  strong  background  flare  problems.  Further  developments  are  necessary. 

( 2 )  This  instrument  does  not  measure  a  velocity  component,  but  provides  data  on  angles.  Depending  on  the 
turbulence  intensity,  for  low  turbulence  levels  an  uncertainty  of  0.2*  is  obtained  and  in  worse  situations  0.5*  or  I  * 
which  anyway  corresponds  to  low  radial  components. 

(3)  Wc  have  no  experience  with  hot  wires. 


A.Eckbreth.  US 

How  serious,  typically,  arc  refractive  effects  which  cause  steering  of  the  laser  beams  and  result  in  a  variable  (and 
unknown)  separation  of  the  laser  foci? 

Author's  Reply 

Refractive  effects  in  the  beam  path  will  surely  have  effects  on  the  position  of  the  probe  volume.  However,  the  axes  of  the 
two  converging  laser  beams  are  so  dose  together  that  disturbances  do  affect  both  beams  in  the  same  way,  so  that  the 
beams  separation  is  nearly  unaffected. 
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SEEDING  GAS  PLOWS  FOK  LAS El  AMEMOMETRT 

A.  Melltng 

School  of  Mechanical  Engineering 
Cranfield  Institute  of  Technology 
Cranf leld,  Bedford  MK43  OAL,  U.K. 


SOMUKV^ 

This  paper  reviews  the  seeding  of  gas  flows  for  laser  anemometry.  The  specification  and 
determination  of  the  size  of  seeding  particles  to  ensure  both  an  adequate  response  to  velocity  changes 
of  the  flowing  medium  and  a  sufficient  light  scattering  capability  are  examined  critically.  A 
compromise  between  these  conflicting  criteria  i$  ,  generally  given  as  an  upper  limit  on  acceptable 
particle  size,  expressed  a8  the  diameter  of  an  "equivalent”  spherical  particle.  Problems  arise  in 
defining  and  quantifying  this  equivalent  diameter,  generating  particles  of  suitable  size  from  a  given 
material,  measuring  the  particle  size  distribution  at  the  generator  exit,  and  determining  the  size 
distribution  actually  seen  by  the  laser  anemometer.  Recommendations  are  made  for  particle  generators, 
sizing  methods,  and  interpreting  the  significance  of  quoted  particle  distributions  for  laser  anemometry 
purposes. 

V 

LIST  OP  SYMBOLS 


a  speed  of  sound 

d  particle  diameter 

Cp  parameter  in  Eq.(2.5) 

C  drag  coefficient 

fD  focal  length 

E(w)  energy  spectrum 

1,  i  intensity 

Kn  Knud sen  number 

l  mean  free  path 

a  index  of  refraction 

Ma  Mach  number 

p(d  )  size  distribution  function 

r  p  radius 

Re  Reynolds  number 

St  Stokes  number 

t  time 

U  Instantaneous  velocity 


u  velocity  fluctuation 

V  slip  velocity 

V  visibility 

a  scattering  parameter  In  Eq.(4.2) 

1  wavelength 

x*  fringe  spacing 

u  viscosity 

•*>  turbulence  frequency 

“  solid  angle 

o  density 

scattering  angle 
t>  phase  angle 

Subscripts 

f  fluid 

p  particle 

t  turbulence 


l-  unrwDocriow 

Satisfactory  flow  tracking  capability  of  scattering  particles  is  essential  for  reliable  velocity 
measurements  with  laser  anemometry.  The  requirements  for  scattering  particles  in  this  respect  are  more 
severe  for  gas  flows  chan  for  liquid  flows,  because  the  density  ratio  of  suspended  particles  Is  much 
higher.  Because  the  concentration  of  naturally  occurring  particles  of  suitable  size  for  adequate 
scattering  Intenalty  la  typically  very  small  in  gases,  seeding  of  additional  scatterers  Into  the  flow  is 
almost  always  essential. 


Early  work  on  seeding  gas  flows  for  laser  anemometry  was  reviewed  in  references  1  and  2.  Attention 
was  given  to  the  specification  of  the  maximum  size  of  scattering  particles  as  determined  by  the 
aerodynamic  behaviour  of  spherical  particles,  and  methods  for  generating  suitable  aerosol  particles  and 
for  determining  their  size  were  suggested.  Reference  3  took  account  of  improvements  in  aerosol 
generators  and  sizing  methods  specifically  for  laser  anemometry.  Other  aerosol  generators  and  sizing 
techniques  with  specifications  on  particle  size  near  those  determined  by  aerodynamic  size  criteria  were 
also  considered,  where  modification  to  acceptable  specifications  appeared  possible. 


The  present  paper  updates  the  preceding  reviews  and  considers  some  remaining  deficiencies  In  the 
tools  available,  particularly  with  regard  to  non-spherical  particles.  Section  2  discusses  the  deter¬ 
mination  of  a  limiting  alze  on  the  basis  of  the  aerodynamic  behaviour  of  aerosol  particles.  Section  3 
deals  with  methods  of  particle  generation.  Section  U  considers  sizing  techniques.  Conclusions  are 
given  In  Section  5. 


2.  SPECIFICATION  OP  SCATTERING  PARTICLES 
2.1  Imttmimctlem 


In  gases  the  concentration  of  naturally  occurring  particles  which  are  large  enough  to  scatter 
sufficiently  atrongly  for  useful  laser  anesometrv  signals  Is  In  most  cases  unacceptsbly  low.  it  Is 
necessary  to  seed  additional  scattering  particles  Into  the  flow,  and  for  these  the  question  arises, 
whether  they  are  small  enough  to  follow  the  gas  flow  faithfully.  The  aerodynamic  behaviour  of  a  particle 
depends  on  Its  Inertia  and  the  drag  force;  the  light  scattering  behaviour  depends  on  the  particle  shape, 
surface  area  and  refractive  index.  A  common  parameter  determining  both  the  aerodynamic  and  optical 
characteristics  of  the  particle  la  its  size  or  diameter. 


f 


4 


1 

I 

\ 


1 


»i  e 


4 


A  size  requirement  will  be  specified  according  to  the  maximum  diameter  of  particles  which  will 
follow  the  local ,  time-varying  fluid  velocity  within  a  prescribed  tolerance.  The  motion  of  particles 
suspended  in  a  moving  fluid  is  influenced  by  their  shape  and  size,  the  relative  density  of  particle  and 
fluid,  the  fluid  viscosity,  the  number  of  particles  per  unit  volume,  and  body  forces.  All  analyses  of 
the  particle  morion  assume  spherical  particles.  This  is  a  good  assumption  for  liquid  droplets,  but  poor 
for  most  solid  particles  which  tend  to  be  irregular  aggregates  of  smaller  particles.  Interference 
between  particles  Is  also  neglected,  thus  placing  a  limit  on  the  maximum  concentration  to  avoid 
collisions  between  particles  under  the  influence  of  aerodynamic  or  electrostatic  forces.  The  highest 
scattering  particle  concentrations  achieved  bv  artificial  seeding,  e.g.  10*'  to  101'  m  '  ,  are.  however, 
too  low  for  such  interference  effects.  Centrifugal  body  forces  may  be  important,  e.g.  in  turbo- 
mac  hi  nery. 


2.2  Particle  Motion  Equation 


The  most  important  influences  on  the  particle  motion  are  the  particle  diameter  d  ,  the  particle  and 
fluid  densities  p  and  pf ,  and  the  viscosity  y.  An  analysis  of  the  relative  motion  of  particle  and 
fluid  (reference  yields  Che  equation 


6  “p  dT 


-  ♦ 


ndJ  dO. 


1  ndp  it 

2  6  “f  dt 


(2.1) 


where  t  is  the  time,  U  and  are  the  instantaneous  particle  and  fluid  velocities,  and  V  -  l!  -  U^. 
is  the  Instantaneous  relative  velocity.  The  first  two  terms  represent  the  force  necessarv  to  Sccelerate 
the  sphere,  and  the  viscous  drag  force  given  by  Stokes’  Law.  Acceleration  of  the  fluid  leads  to  a 
pressure  gradient  force  in  the  third  term.  The  fourth  term  is  the  resistance  of  an  invlscld  fluid  to 
acceleration  of  the  sphere.  The  first,  third  and  fourth  terms  combined  give  an  accelerating  force 
equivalent  to  that  on  a  sphere  whose  mass  is  increased  bv  half  the  mass  of  the  displaced  fluid.  The 
last  term  represents  th<-  :  ag  force  arising  from  non-steadv  flow.  External  forces  have  been  neglected. 


Stokes'  drag  law  applies  to  creeping  flow  past 
relative  velocltv,  i.e. 


a  sphere,  when  the  Reynolds  number  hased  on  the 


Re„ 


(2.2) 


is  less  than  l.  Alternative  drag  laws  are  necessarv  in  compressible  flows  or  at  low  fluid  densities, 
for  example.  An  additional  assumption  In  Fq .  (2.1)  is  the  existence  of  homogeneous,  time-invariant 
turbulence.  The  particles  are  supposed  also  to  he  smaller  than  the  turbulence  microscale  and  to  be 
surrounded  alwavs  by  the  same  fluid  molecules:  a  large  relative  displacement  of  particles  and  fluid  Is 
thus  not  admissible  as  a  solution. 


For  gas  flows  o  7o,>>  l,  so  that  Fq.  (2.1)  can  be  simplified  to 
P  F 

<uf  -  y- 


.  J3u_ 


dt  V 

More  generally,  a  vector  equation  can  be  written  as 


dO 

dt  24 
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where  C  -  0  d  2 

P  P 


Cp  Is  a  drag  coefficient  which  dpnends  on  the  Reynolds  number  Re  ,  the  Mach  number  Ma  *  V  a  and  the 
Kmidsen  numbe-  Kn  »  ?/d  ;  a  is  the  speed  of  sound  and  :  is  the  molecular  mean  free  Path. 

P  o 

2.3  Particle  Motion  in  Turbulent  Subsonic  Plow 


Chao  (reference  5)  solved  Fq .  (2.1)  for  turbulent  subsonic  flow  bv  relating  the  kinetic  energies  n f 
particle  velocity  fluctuations  ti*  and  fluid  vtlocitv  fluctuations  n*  with  the  energy  spectrum  >  of 

turbulent  fluid  fluctuations  of  Padlan  frequency  .  When  .  '  '>1,  the  relation  rakes  the  form 

p  f 


Fq.  (2.6)  indicates  that  the  higher  frequencies  of  the  turbulent  fluid  motion  are  attenuated  In  the 
energy  spectrum  of  the  particle  motion.  In  reference  f> ,  this  equation  was  solved  for  a  theoretical 
turbulent  flow  with  the  following  pnergv  spectrum: 
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which 

(2.  7) 


approximates  a  measured 
yields  the  ratio 


t  u rbu l ence 


energy  spectrum 


pipe  flow.  Combination  of  Fq. 
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plotted  in  figure  l  for  various  values  of  C.  Small  values  of  C  correspond  to  large  particles  of  high 
density  and  are  seen  to  result  in  poor  response  to  the  turbulent  fluctuations. 

Instead  of  solving  for  time-mean  quantities,  the  particle  response  can  be  quantified  by  the 
instantaneous  amplitude  ratio  jup/U^I  and  the  instantaneous  phase  angle  4  of  the  relative  motion  of 
particle  and  fluid  as  in  reference  7. 

Bv  specifying  a  limit  of,  say,  0.99  for  u^u^or  Ifl  /0fl  ,  it  is  possible  to  determine  the  maximum 
allowable  particle  diameter  for  a  given  deneit?  ratio  P  ?  P Such  calculations,  e.g.  references  1  and 
2,  indicate  an  upper  limit  of  1  Mm  diameter  for  seedingPparticles  in  gases,  when  the  density  ratio  is 
of  order  1000.  This  "rule  of  thumb"  has  frequently  been  accepted  without  analysing  the  particle  motion 
in  the  particular  flow  under  study,  although  its  validity  often  merits  closer  examination. 

2.4  Particle  Motion  in  Supersonic  Plow 

In  supersonic  flow  it  Is  important  to  determine  the  velocity  lag  of  particles  during  strong 
accelerations  e.g.  through  a  supersonic  nozzle  (references  8,  9),  a  normal  shock  (reference  10)  or  an 
oblique  shock,  (reference  11).  The  drag  coefficient  in  Eq.  (2.4)  is  specified  empirically  or 
serai -empirically,  e.g.  references  6,  8. 

An  vrxamole  of  the  particle  motion  across  an  oblique  shock  is  shown  in  figure  2  for  a  10  degree 
wedge  with  an  upstream  Mach  number  of  1.5.  Eq.  (2.4)  was  solved  using  the  drag  law  indicated  on  the 
figure.  Figure  2  shows  the  distance  downstream  from  the  shock  necessary  for  particles  of  given  size  to 
decelerate  to  the  gas  velocity.  1  u®  particles  "equire  a  12  am  relaxation  distance.  Only  particles 
smaller  than  about  0.3  pm  achieve  rapid  recovery  after  the  shock. 

The  rule  of  thumb  for  maximum  particle  diameter  in  supersonic  flow  Is  about  0.3  urn  from  such 
calculations.  Shock  tube  experiments  (reference  12)  support  this  figure;  dust  particles  were 
accelerated  from  rest  to  nearly  200  m/s  in  about  4  us. 

2.5  Further  Studies  of  Particle  Motion 


Calculations  of  particle  dynamics  as  in  sections  2.3  and  2.4  provide  guidelines  about  the  size  of 
spherical  particl-s  suitable  for  laser  aneraometry  scatterers.  Such  calculations  could,  of  course,  be 
made  for  specific  flow  configurations  and  density  ratios,  e.g.  In  a  cascade  of  turbine  aerofoils 
(references  13,  14).  For  more  extensive  analysis  of  particle  dynamic  behaviour,  reference  should  be 
made  to  studies  of  solid  particle  trajectories  through  turbomachinery,  e.g.  references  15  to  17, 
concerned  with  erosion  by  particles  impinging  on  the  blades. 

Solid  narticles  are  generally  non-spherical  unless  formed  bv  freezing,  and  are  often  loosely  packed 
agglomerates  of  smaller  grains.  A  realistic  geometrical  wodel  for  such  agglomerates  would  probably  not 
be  feasible,  and  the  formulation  of  a  drag  coefficient  having  general  utility  is  unlikely  to  be 
achieved.  It  would,  however,  be  interesting  to  see  whether  trtnds  for  the  ei'ec t  of  non-sphericity  on 
tb<*  drag  coefficient  eould  be  established  from  simple  cases  e.g.  two  or  more  spheres  of  equal  diameter 
rigidly  in  contact.  Estimates  of  the  maximum  sphere  diameter  for  velocity  tracking  of  a  flow  within  a 
given  tolerance  are  in  any  case  conservative  when  based  on  Stokes  drag.  It  is  thus  possible  that  the 
rules  of  thumb  of  sections  2.3  and  2.4  could  be  relaxed  for  highly  non-spherlcal  particles. 

Two  areas  of  current  research  interest  deserve  attention  with  regard  to  particles. 

•  For  laser  aneraometry  in  two-phase  flows,  it  is  necessary  to  determine  the  velocity  of  both  the 
continuous  phase  and  the  particulate  or  bubbly  phase.  The  analysis  of  deposition  or  of  particle 
migration  in  a  combined  aerodynamic  and  magnetic  field,  for  example,  requires  the  determination  of  a 
size-velocity  correlation  with  ’■he  particle  shape  as  a  possible  additional  important  factor. 

•  In  mixing  studies,  both  velocity  and  a  scalar  property  e.g.  temperature  or  species  concentration 
are  to  be  determined,  by  combining  laser  aneraometry  with  methods  such  as  Raman  speccroscopy  (reference 
18),  Mie  scattering  (reference  19)  or  CARS  (reference  20). 

3.  AEROSOL  GENE RATION 

3.1  Introduction 

Specifications  for  aerosol  generator «  for  laser  aneraometry  in  gases  are  exacting: 

•  maximum  part ''tie  diameter  as  determined  in  section  2 

•  ideally  monodlsperse  aerosol  (uniformly  sized  particles) 

•  aerosol  concentration  greater  than  10  partlcle/m  for  adequate  signal  rates 

•  stable  delivery  rate. 

The  techniques  of  air  blast  atomization  (liquids  or  suspensions)  and  fluidization  (solids  in  Dowder 
form)  have  proved  to  be  the  best  (but  by  no  means  easy)  methods  to  meet  the  above  requirements.  Other 
methods  Include  condensation  generators,  ultrasonic  atomizers  (reference  21)  and  chemical  reactions. 
Condensation  generators  such  as  that  of  Sinclair  and  La  Mer  (see  reference  22)  produce  highly 
mcnodisperse  aerosols  of  fine  particles,  but  the  rate  of  particle  generation  la  low.  Chemical  reactions 
tend  to  provide  a  very  unsteady  rate  of  particle  generation.  The  reaction  between  titanium 
tetrachloride  and  water  vapour  in  an  air  stream  has,  however,  been  used  with  some  success  (reference  23) 
to  produce  titanium  dioxide  particles  in  flames.  For  solid  particles,  a  rotating  brush  generator  is 
available:  a  densely  packed  powder  in  a  cylinder  is  pushed  by  a  piston  steadily  towards  a  rotatf  g  brush 
which  scrapes  particles  off  the  top  of  the  charge  into  an  air  stream  blown  through  the  brush. 

3.2  Generation  of  Liquid  Aerosol  Particles 
Simple  Air  Blast  Atomlaer 


The  characteristics  of  a  variety  of  compressed  air  nebulizers  are  compared  in  reference  24.  A 


simple  design  for  low  velocity  LDA  experiments  Is  shown  In  figure  3.  A  high  velocity  stress  of  gas  f roe 
nozzle  B  shears  a  thin  liquid  film  f roe  tube  A,  causing  it  to  rupture  into  droplets.  The  small  droplets 
In  the  spray  follow  the  gas  flow  out  of  the  atomizer,  but  large  droplets  tend  to  strike  the  walls  of  the 
atomizer  chamber  ar.l  drain  back  into  the  reservoir,  Atomlzers^>f  this  design  work  satisfactorily  with 
silicone  oil,  seeding  air  flows  to  concentrations  of  over  101  partlcles/m  ,  with  a  mean  diameter  of 
about  2  urn. 

Laakln  Atomiser 

Detailed  constructional  and  operational  Information  for  the  Laskin  atomizer  has  been  given  in 
reference  25.  In  this  atomizer  (figure  4)  air  is  blown  through  4  holes  in  a  tube  into  the  liquid  to  be 
atomized.  These  four  jets  draw  liquid  through  vertical  holes  drilled  in  a  ring  as  shown,  to  produce 
air  bubbles  containing  finely  atomized  droplets.  As  the  bubbles  rise  to  the  surface,  Che  droplets  are 
released  and  carried  away  in  the  air  stream.  An  impactor  downstream  of  the  generator  is  desirable  to 
remove  the  larger  atomized  droplets.  The  flow  rate  can  be  increased  by  the  simple  expedient  of 
combining  several  tubes  in  the  same  tank. 

Avmntages  and  Disadvantages  of  Atomised  Droplets 

Advantages : 

s  steady  rate  of  production 

a  spherical  particles 

•  particle  diameter  can  be  regulated  by  driving  pressure 

•  continous  atomizer  operation  for  many  hours  without  maintenance 

Disadvantages : 
s  polydisperse  aerosol 

s  droplets  not  useful  at  high  temperatures 

a  droplets  deposited  on  test  section  windows  coalesce  into  films  which  distort  the  laser  beams. 

3.3  Generation  of  Solid  Aerosol  Particles 
Atomization  of  Suspensions  or  Solutions 

If  solid  particles  are  suspended  or  dissolved  in  a  liquid  they  may  be  dispersed  by  atomization. 
Suspensions  have  been  used  to  seed  flows  in  rotating  machines  with  PVC  particles  (references  26,  27), 
flames  with  aluminium  oxide  (reference  28)  and  supersonic  flow  (reference  29).  Atomization  of 
suspensions  allovs  generation  of  particles  at  a  steady  flow  rate  and  concentration.  In  atomizing  a 
suspension  of  oonodisperse  solid  particles,  the  droplets  are  initially  polydisperse;  but  the  aerosol 
formed  after  evaporation  of  the  suspending  liquid  will  be  monodisperse  if  no  droplet  contains  more  than 
one  particle.  To  minimize  the  probability  of  obtaining  two  or  more  particles  in  one  droplet,  very 
dilute  suspensions  must  be  used;  since  most  of  the  resulting  droplets  are  empty,  the  resulting  aerosol 
concentration  is  thus  very  low.  If,  however,  the  original  solid  particles  are  several  times  smaller  in 
diameter  than  the  maximum  desired  particle,  higher  suspension  concentrations  may  be  employed  since  most 
coagulates  will  remain  smaller  than  the  limiting  diameter. 

In  generating  solid  particles  from  solutions,  the  particle  diameter  wi’l  depend  on  the  initial 
droplet  diameter  and  the  concentration  of  the  solution.  Thus  a  polydisperse  droplet  distribution  will 
yield  a  polydisperse  solid  particle  distribution.  Difficulties  in  atomizing  very  small  droplets  are, 
however,  avoided  because  solid  particles  smaller  than  1  u«  may  be  formed  by  evaporation  of  droplets  of 
much  greater  volume. 

fluidized  Beds 

Fluidized  beds  have  been  used  frequently  in  laser  anemometry  experiments  where  solid  particles  are 
required.  In  its  basic  form  (figure  5),  a  fluidized  bed  contains  a  powdered  material  held  In  suspension 
by  an  upward  flow  of  gas.  Some  of  the  smaller  particles  from  the  bed  are  entrained  by  the  gas  stream 
while  larger  particles  which  are  temporarily  ejected  from  the  surface  of  the  bed  fall  back  again  under 
gravitational  force.  In  practice,  satisfactory  and  steady  operation  of  small  fluidized  beds  is  very 
difficult  to  achieve.  The  ease  of  dispersion  depends  ^n  the  particle  shape  and  hardness,  and  on  the 
humidity  of  the  gas  and  powder;  smooth,  hard,  dry  particles  fluidize  more  easily  than  rough,  soft,  moist 
particles,  although  extreme  dryness  can  inhibit  dispersion  because  of  electrostatic  forces.  Fluidized 
beds  allow  a  high  production  rate  and  concentration.  Particles  produced,  however,  are  Irregular  In 
shape  and  size  as  a  result  of  agglomeration.  The  resulting  mean  particle  diameter  may  be  much  larger 
than  that  of  the  original  particles  forming  the  bed.  The  delivery  rate  Is  generally  unsteady, 
especially  at  low  flow  rates.  Short  term  unsteadiness  arises  from  air  pockets  In  the  bed  which  rise  to 
the  surface  and  '•hen  burst,  discharging  a  high  concentration  of  particles-  Long  term  unsteadiness  is 
caused  by  intermittent  partial  blockage  of  flow  passages,  or  by  the  formation  of  large  lumps  in  the  bed. 
The  design  of  fluidized  beds  tends  to  be  a  matter  of  experience,  but  reference  30  provides  some  useful 
guidance. 

In  an  effort  to  Improve  on  the  conventional  fluidized  bed,  especially  with  regard  to  steadiness  of 
operation,  a  kind  of  two-phaae  bed  has  been  developed  (references  31,  32),  containing  a  mixture  of  beads 
and  the  powder  to  be  dispersed.  The  beads,  e.g.  glass  or  bronze,  have  a  diameter  between  100  and  200 
urn,  and  are  much  larger  than  the  other  particles  which  distribute  themselves  over  the  surface  of  the 
beads.  Grinding  between  the  beads  breaks  up  agglomerates,  and  the  relatively  free  air  flow  in  the 
spaces  between  the  beads  minimizes  the  likelihood  of  large  sir  bubbles.  Fine  particles  are  freed  from 
the  bead  surfaces  in  regions  where  the  air  velocity  is  locally  high  and  are  carried  away  by  the  air 
atream.  The  aerosol  concentration  increases  with  the  air  flow  and  the  powder  concentration  in  the  bed. 


Another  alternative  to  the  normal  fluidized  bed  la  the  cyclone  aerosol  generator  used  (reference 
33)  to  seed  flames  with  AljOj  powder  of  0.1  to  1.0  urn  basic  particle  diameter.  In  this  generator  a 
swirling  air  flow  similar  to  that  in  a  normal  cyclone  is  used  to  entrain  powder  from  the  bottom  of  the 
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cyclone  cylinder.  For  concentrat Iona  exceeding  about  10  particles/m  ,  the  rms  unsteadiness  In  particle 
concentrations  aeasured  over  successive  10ns  Intervals  was  only  6X  of  the  mean  concentration. 

Idyantans  amd  Mamdvamtages  of  Solid  Particles 

Advantages: 

•  aetal  oxides  are  suitable  for  seeding  high  teaperature  flows 

a  solid  particles  deposited  on  test  section  windows  cause  little  disturbance  until  the  attenuation 

becoaea  excessive. 

Disadvantages: 
s  polydisperse  aerosol 

•  unsteady  flow  rate  and  aerosol  concentration  with  most  generators 

•  difficult  to  seed  flows  where  static  pressure  exceeds  external  pressure 

•  aost  generators  require  frequent  aalntenance. 

4.  PAKTICLE  SIZE  DETKKKI RATIO* 

4.1.  Introduction 

To  ensure  that  the  scattering  particles  present  in  a  flow  are  small  enough  to  follow  the  fluid 
aotlon  using  the  criteria  of  section  2,  the  particle  size  distribution  function  p(d  )  should  be  known. 
The  size  distribution  should  ideally  be  measured  in  the  flow  where  the  velocity  mesiureaents  are  to  be 
aade.  Alternatively  a  sample  could  be  withdrawn  from  the  flow  through  an  Isokinetic  probe.  Size 
distributions  measured  at  the  generator  exit  will  not  Indicate  any  changes  between  the  generator  and  the 
measurement  volume  through  agglomeration  or  deposition  of  particles. 

PArtlcle  sizing  techniques  which  use  properties  of  the  Doppler  burst  signal  are  difficult  and/or 
expensive  to  impleaent  (section  4.5)  Alternative  methods  applicable  to  the  size  range  0.1  to  3  tm 
which  is  of  most  interest  In  laser  anemometry  include  microscopic,  aerodynamic  and  optical  techniques 
(sections  4.2  to  4.4).  Particle  size  normally  refers  to  the  diameter  of  an  aerodynamical ly  or  optically 
"equivalent”  sphere. 


4.2  Particle  Slzln 


Since  direct  photography  of  particles  Is  limited  to  diameters  exceeding  5pm,  smaller  particles 
must  be  collected  from  the  flow  on  to  a  substrate  for  photomicrography.  To  ensure  that  the  method  of 
collection  does  not  bias  the  size  distribution,  particles  must  be  sampled  from  the  flow  lsoklnetlcal ly. 
A  probe  incorporating  a  removable  grid  of  very  fine  copper  whiskers  for  collecting  sub-micron  particles 
(figure  6)  is. described  in  references  6  and  34. 


Unlike  most  other  methods,  a  photographic  record  provides  information  on  the  particle  shape  as  well 
as  its  size.  Interpretation  of  such  photographs  is  tedious,  however.  Manual  sizing  by  comparison  with 
a  mask  is  likely  to  lead  to  biased  estimates  of  particle  diameter.  Even  with  automatic  sizing  of 
spherical  particles,  several  thousand  particles  must  be  registered  to  minimize  uncertainty  In  the  size 
distribution. 


4.3  Aerody 
Cascade  Imp 


1c  Particle  Slain 


In  an  impactor,  an  aerosol  is  accelerated  through  a  nozzle  and  impinges  on  a  plate  where  particles 
which  are  too  large  to  follow  the  sudden  change  In  flow  direction  are  deposited.  In  a  cascade  Impactor 
a  series  of  such  nozzle-lapactor  plate  pairs  is  used,  with  the  nozzle  size  and  the  distance  of  the 
nozzle  from  the  impactor  progressively  reduced  so  that  the  acceleration  in  each  stage  is  Increasingly 
severe.  In  order  that  particles  of  decreasing  diameter  are  deposited.  A  wide  size  range  (e.g.  0.05  to 
25  urn)  Is  measurable  simultaneously  and  rapidly;  but  with  a  practical  number  of  stages,  e.g.  10,  the 
size  resolution  Is  rather  coarse.  A  mass-weighted  rather  than  number-weighted  size  distribution  la 
obtained. 


Particle  learn 


la  Same r sonic  Plow 


The  possibility  of  using  particle  velocity  measurements  in  supersonic  flow,  for  example,  in  a  noxzle  or 
through  an  oblique  shock,  ss  s  means  for  sizing  the  particles  depends  on  the  analysis  of  section  2.4. 
The  practical  realization  of  this  method  was  demonstrated  In  reference  9  using  the  flow  through  a  Mach  3 
conical  nozzle,  where  sics  distributions  based  on  20*000  to  50*000  sampler  could  be  obtained  in  runs  of 
under  I  minute  duration.  A  very  steady  flow  whose  velocity  distribution  is  accurately  specified  from 
thermodynamic  relationships  is  easental,  since  any  variations  in  particle  velocity  arising  from 
unsteadiness  would  be  interpreted  as  particle  size  variations. 


ftm  Sobmomic  flow 


The  aerodynamic  sits  distributions  of  particles  in  the  range  0.5  to  10  pm  are  obtainable  using  an 
ssrodynsmlc  particle  sizer  (reference  35).  Using  a  simple  forward-scatter  laser  Doppler  or  duel  focus 
anemometer,  the  velocities  of  aerosol  particles  Injected  through  a  0.5  -  1  mm  nozzle  into  a  stream  of 
filtered  air  srs  measured.  According  to  their  size,  particles  leaving  the  nozzle  require  different 
distances  to  adjust  their  velocity  to  chat  of  the  filtered  air  stream  (200  m/a).  A  particle,  therefore, 
crosses  the  fixed  measuring  volume  with  a  velocity  depending  only  on  its  size.  The  size-velocity 
relationship  Is  determined  by  calibration  with  mo  nod ii perse  aerosols  of  DOP  or  latex  particles  between 
0.8  and  10.0  urn. 
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4.4  Particle  Mitgg  frog  Optical  Scattering  froggrtlgt 

The  Intensity  1  of  light  scattered  from  a  bean  of  Intensity  I  and  collected  through  a  small  solid 
angle  Is  a  function  of  the  refractive  Index  a  of  the  particle  relative  to  the  surrounding  medium,  the 
scattering  parameter  a  »  ird  /\  (where  x  iB  the  wavelength  of  the  light)  and  the  angle  of 
observation  0  relative  to  the  Incident  beam.  Particularly  when  d  =  A  ,  i.e.  for  particle  diameters 
of  special  interest  for  laser  anemometry,  the  scattering  propertits  show  a  very  se’nsltlve  dependence  on 
the  particle  diameter.  Numerous  particle  sizing  methods  have  been  developed  to  exploit  this  dependence, 
and  are  based  on  matching  experimental  scattered  light  distributions  with  theoretical  distributions 
calculated  from  Mie  scattering  theory  for  spherical  particles  (references  22,  36,  37,  38). 

Although  these  techniques  are  strictly  applicable  only  to  spherical  particles  of  known  refractive 
index,  they  have  been  extended  to  non-spherical  particles  when  the  consequent  uncertainty  of  the 
measurement  was  acceptable.  For  example,  the  use  of  absolute  measurements  of  low  angle  scattered  light 
intensity  to  size  spherical  transparent  particles  and  irregularly  shaped  light-absorbing  particles  in 
the  range  5  to  80  Pm  diameter  is  described  in  reference  39.  Since  measurement  of  absolute  light 
intensity  Is  susceptible  to  errors  from  background  light  and  instrument  drift,  a  relative  measurement 
may  be  preferable,  as  in  reference  40  where  soot  particles  (0.08  to  0.38  pm)  were  sized  using  the  ratio 
of  scattered  light  intensities  at  two  angles  ij(0.)/i.  (9  ^)*  The  uncertainty  in  the  diameter  for 
absorbing,  non-spherical  particles  was  estimated  as  20-30Z. 

The  instrument  in  figure  7  uses  small  angle  scattering  to  size  particles  in  a  flow  which  la 
optically  accessible  from  both  sides.  Light  scattered  at  an  angle  e  from  any  position  In  the  particle 
stream  is  imaged  by  a  lens  of  focal  length  f  at  a  radius  r  -  0f  from  the  axis.  Interference  between 
light  scattered  from  particles  of  different  size  yields  a  Fraunhofer  diffraction  pattern  of  concentric 
rings  of  high  and  low  intensity.  Using  a  suitable  multi-element  detector  the  intensity  distribution  as 
a  function  of  the  scattering  angle  d  is  rspldly  scanned  to  measure  the  size  distribution  from  a  moving 
stream  of  particles.  Mass-  and  number-weighted  size  distributions  of  solid  and  liquid  particles  in  the 
range  1.5  to  500  pm  diameter  are  obtainable.  The  technique  is  independent  of  the  refractive  index  and 
requires  no  calibration  (at  least  for  spherical  particles). 

Optical  particle  counters  measure  a  proportion  of  the  total  light  energy  scattered  by  aerosol 
particles  passing  through  a  measuring  volume  formed  by  a  focused  light  source.  In  general,  the 
intensity  of  light  scattered  at  a  given  angle  gives  an  ambiguous  measure  of  particle  size  because  of  the 
complicated  form  of  the  angular  scattering  functions.  However,  use  of  white  light  and  a  large  solid 
angle  of  collection  damps  out  the  oscillations  of  the  response  function  to  give  an  Ideally  single-valued 
curve  relating  intensity  to  particle  size.  The  geometry  of  an  instrument  collecting  scattered  light 
over  a  large  solid  angle  in  the  near  forward  direction  by  means  of  an  elliptic  mirror  is  shown  in  figure 
8.  For  appropriate  instrument  design,  the  response  depends  only  weakly  on  the  refractive  index,  at 
least  for  non-absorbing  particles  (reference  41).  For  practical  instruments,  the  response  curve  is 
found  by  calibration  against  monodisperse  spherical  particles  of  known  size;  a  size  range  from  about  0.3 
to  5  pm  is  accessible.  The  maximum  concentration  is  limited  by  the  requirement  that  particles  cross 
the  measuring  volume  individually;  the  error  arising  from  simultaneous  detection  of  two  particles  can, 
however,  be  estimated  (reference  42). 

4-5  Particle  Siting  from  Doppler  Signal 
Signal  Visibility 

Information  about  the  size  of  a  particle  is  contained  in  the  visibility  of  the  Doppler  signal, 
defined  as 

v  -  Imax  -Xmln  .  (4.1) 

I  +  X  , 
max  min 

where  I  and  I  .  the  maximum  and  minimum  scattered  intensities  from  consecutive  bright  and  dark 

fringes  ^rlgure  vj.  Farmer  (reference  43)  considered  the  case  of  uniform  fringe  contrast  which  holds  at 
or  near  the  geometric  centre  of  the  scattering  volume  for  Illuminating  beams  of  equal  Intensity.  The 
visibility  of  signals  from  homogeneous  spheres  is  then  related  to  the  particle  diameter  d  and  the 


(4.2) 

where  Jj  Is  a  Bessel  function  of  the  first  kind  and  order  one.  Eq.  (4.2)  Indicates  that  the  visibility 
for  spherical  particles  falls  to  zero  for  d  /  X*  -  1.22,  2.23,  3.24,  etc.,  as  shown  in  the  solid  curve 
of  figure  10.  The  oscillation^  of  the  visibility  function  preclude  an  unambiguous  determination  of 
diameter  from  V  alone,  unless  V  >  0.15  corresponding  to  d  <  X*. 

P 

Equation  ^(4.2)  represents  a  limiting  caae  which  applies  to  forward  scattering  from  large  spherical 
particles  (a  >  60),  using  a  very  large  collecting  aperture  and  incident  beams  of  equal  intensity.  In 
references  44  and  45,  scalar  diffraction  theory  was  used  to  extend  the  visibility  function  to  diameters 
as  small  as  1  Pm,  with  finite  apertures.  With  a  reduction  in  the  collecting  aperture  the  visibility 
tends  to  unity,  independent  of  the  particle  size,  as  seen  in  the  broken  curves  of  figure  10.  To  predict 
visibilities  of  backscatter  signals,  the  refractive  Index  m  and  the  size  parameter  a  must  be 
considered ,  in  addition  to  d  /  X*  and  the  solid  angle  of  light  collection  fl  (references  46,  47). 
Backscatter  results  shown  in  Tlgure  11  show  qualitative  agreement  with  measured  visibilities  of  5.1  u® 
polystyrene  spheres.  Unlike  figure  10,  the  viability  function  shows  peaks  and  troughs,  but  no  zeros. 

Advantages: 


fringe  spacing  X*  by  the  equation 


V  = 


2  J,  MpA*) 
d 


Measurements  are  made  within  the  flow,  without  disturbance. 
Calibration  Is  unnecessary. 


H-? 


•  At  least  In  forward  scatter  the  Influence  of  m  Is  s«all. 

Disadvantages 

•  Determination  of  visibility  requires  a  good  signal  -  to  -  noise  ratio  and  Is  subject  to  operator 
bias  In  the  selection  of  signals. 

•  The  method  has  been  tested  only  for  aonodlsperse  particles  moving  at  low  velocity  or  held 
stationary  in  a  moving  fringe  system. 

An  Instrument  based  on  these  principles  is  described  In  reference  48. 

Signal  Phase  Differences 

Por  spherical  particles  of  diameter  in  the  approximate  range  1  pi  to  3  mm,  It  is  possible  to 
obtain  size  Information  from  the  phase  difference  between  the  Doppler  signals  detected  by  two  or  more 
detectors  located  at  different  scattering  angles  but  viewing  the  same  particle  (references  49  and  50). 
With  two  detectors  placed  at  scattering  angles  near  90°,  the  phase  shift  is  linearly  dependent  on 
particle  diaaeter  and  relatively  insensitive  to  refractive  index  variations.  The  range  of  particle 
diameters  accessible  with  this  configuration  without  ambiguity  la  limited  by  a  maximum  phase  difference 
of  360°.  By  using  a  third  detector  the  range  can,  however,  be  extended  unambiguously. 

5.  CONCLUSIONS 

The  particle  size  distribution  relevant  to  laser  anemometry  is  the  convolution  of  the  actual 
size  distribution  and  the  probability  of  detecting  a  given  particle  size  as  determined  by  the  scattering 
intensity.  The  resulting  distribution  will  be  shifted  to  a  higher  mean  particle  diameter  than  In  the 
true  size  distribution. 

Except  where  factors  such  as  evaporation  at  high  temperatures  or  deposition  on  windows  preclude 
their  use,  droplets  are  preferable  to  solid  seeding  particles: 

•  droplet  generators  provide  steady  production  rates  and  require  little  maintenance 

•  droplets  are  spherical  and  of  uniform  density,  so  calculations  of  aerodynamic  behaviour  and  light 
scattering  are  more  reliable  than  for  irregularly  shaped  solid  particles. 

Although  the  Importance  of  satisfactory  particle  motion  for  correct  laser  anemometry  measurements 
has  been  recognized  since  the  introduction  of  the  technique  two  decades  ago,  methods  of  analyzing  the 
particle  dynamics  and  the  techniques  of  aerosol  generation  and  particle  sizing  remain  unsatisfactory 
compared  with  the  technology  of  the  remainder  of  the  laser  anemometer  (ootlcs,  signal  processing). 
Improvements  In  all  aspects  of  aerosol  technology  for  laser  anemometry  remain  essential. 
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DISCUSSION 


A.Strazisar,  US 

Can  you  comment  about  point  injection  for  flow  seeding? 

Authors  Reply 

1  always  used  point  injection  in  order  to  have  high  data  rate;  I  did  not  try  anything  else. 


P.A.Stewart,  UK 

Can  you  give  me  any  references  to  microballoons,  their  manufacture  and  use  (particularly  metallic  microballoons)?  I 
saw  microballoons  in  use  at  NPL  Teddington  and  believe  they  are  also  used  in  laser  fusion  studies. 

Author’s  Reply 

Cheap  microballoons  made  basically  of  glass  are  used,  for  example,  in  the  manufacture  of  furniture,  by  compressing 
them  with  an  adhesive  into  a  mould.  I  am  unfortunately  not  aware  of  any  references  to  the  types  of  microballoons  and 
their  potential  applications,  except  for  incomplete  information  given  in  manufacturer’s  brochures. 


M.L.G.OIdfield,  UK 

Would  you  please  comment  on  the  fact  that  although  the  laser  anemometer  is  by  nature  non-intrusive,  the  use  of  point 
seeding  introduces  a  flow  disturbance  upstream  of  the  measurement  volume  and  the  spread  of  this  disturbance  is 
similar  to  the  spread  of  the  seeding? 

Author’s  Reply 

The  introduction  of  a  seeding  probe  into  a  flow  to  provide  local  seeding  at  relatively  high  concentration  does  indeed 
detract  from  the  otherwise  non-intrusive  nature  of  laser  anemometry.  The  alternative  use  of  uniform  seeding  can, 
however,  be  accompanied  by  significant  disadvantages,  e.g.  the  introduction  of  more  seeding  material  and  more  carrier 
gas  into  the  main  flow,  of  a  lower  local  seeding  density  and  consequently  lower  data  rate.  Seeding  particles  introduced 
into  an  internal  flow  at  the  walls  may  not  diffuse  through  the  flow  within  an  acceptable  distance.  So  far  uniform  seeding 
probes  may  also  be  necessary ,  but  they  should  be  inserted  into  a  region  of  low  velocity  (e.g.  plenum  chamber)  to 
minimize  the  influence  of  probe  wakes. 

R.Schodl,  GE 

I  would  make  a  comment  on  the  influence  of  a  seeding  probe  situated  upstream  of  LV  probe  volume.  In  an  axial 
compressor,  we  put  the  injection  probe  at  2  rotor  diameters  in  front  of  the  rotor.  We  measured  velocities  with  and 
without  seeding  (i.e.  with  atmospheric  natural  particles).  With  this  local  seeding,  we  found  that  there  aie  significant 
deviations  especially  on  the  turbulence  intensity,  but  no  so  serious  deviation  on  mean  values  (in  which  we  are 
interested);  as  a  reference  we  took  the  data  obtained  with  natural  particles.  We  noticed  also  the  strong  influence  of 
additional  air  when  using  a  point  injection.  Therefore  we  decided  to  install  the  seeding  probe  in  the  settling  chamber  in 
order  to  avoid  these  disturbances:  otherwise,  turbulence  intensity  is  increased  and  we  can  get  wrong  data  also  on  mean 
values. 


A.S.Nejad,  US 

For  many  years  we  have  used  chemical  seeders  which  provide  a  uniform  seeding;  very  successful. 
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COMMENT  CHOI  SI R  UN  VELOCIMETRE  LASER  POUR  UNE  APPLICATION  DONNEE  ? 

A.  Boutiar 

Office  National  d* Etudes  et  de  Recherches  A6 ros pa t i ales , 

BP  72,  92322  Ch&tillon  Cedex,  FRANCE 
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Les  diffArents  types  de  velocimetres  laser  sont  decrits 
avec  leurs  domaines  d’ uti 1 l sat l on,  leurs  qualites  et  leurs  limites. 

Les  velocimetres  a  franges  sont  aptes  a  fournir  le  vecteur 
vxtesse  locale  et  instantanee,  d‘ ou  par  moyennes  statistiques  le  vec¬ 
teur  vitesse  moyenne  et  le  tenseur  de  Reynolds  complet.  Leur  limita¬ 
tion  la  plus  serieuse  est  leur  inaptitude  a  mesurer  des  vitesses  pres 
des  parois  que  les  faisceaux  heurtent  normalement. 

C' est  pourquoi  les  velocimetres  deux  points  ont  ete  develop- 
pes  pour  les  applications  en  turbomachines  oil  les  ecoulements  sont 
confines  dans  des  canaux  tres  etroits  Par  contre  ces  velocimetres 
deux  points  ne  peuvent  sonder  des  ecoulements  dont  le  taux  de  turbu¬ 
lence  excAde  10  i  15  I.  Une  maquette  de  velocimetre  deux  traits  cons- 
truite  A  1' ONERA  donne  des  resultats  tres  prometteurs  dans  des  ecoule- 
ments  plus  turbulents 

Un  tableau  synoptique  est  propose  dans  le  but  de  guider  le 
choix  du  velocimetre  laser  le  plus  approprie  a  des  conditions 
exper l mentales  donnees 


t  -  INTRODUCTION 

Sous  le  terme  velocimetre  laser.  divers  types  d'appareils  fonctionnent  sur  des 
principes  diffArents  ;  ils  peuvent  £tre  classes  en  deux  grandes  families  :  les 
vAlocimAtres  A  frangea  et  lea  velocimetres  a  barrieres  optiques.  Leur  point  commun  est 
da  mesurer  la  vitesse  de  fines  particules  servant  de  traceurs  de  1 ’ ecoulement.  Les 
capacites  et  les  limitations  de  ces  dispositifs  sont  repertories  ;  une  comparaison  de 
leur  rapport  signal  sur  bruit  dans  un  envi ronneme nt  de  lumiere  parasite  forte  (  mesure 
pres  des  parois)  est  Atablie.  En  conclusion  un  tableau  synoptique  permet  de  voir  les 
propnAtes  essentielles  de  cheque  type  de  velocimetre  laser  et  a  quel  type 
d‘  information  il  donne  acces  dans  un  ecoulement  aerodynami que. 

Une  place  particuliAre  eat  faite  au  problAme  de  la  precision  des  mesures  avec  un 
vAlocimAtre  A  fanges  t r 1 di mensi onne 1  en  fonction  de  la  geometric  des  faisceaux  laser 
accAdant  au  volume  de  mesure,  de  la  qualite  de  I '  enseme ncement ,  de  la  procedure 
d  '  e t al onnage . 

2  -  VEL0C1  METR1B  A  FRANGES 
2.  f  IdAe  de  base 

La  premiAre  famille  de  vAlocimAtres  laser  est  issue  de  l‘id>e  qu' une  particule  de 
-* 

vitesse  V,  AclairAe  par  un  rayonnement  de  frAquence  uQ,  diffuse  une  lumiere  de  frequence 
ud  diffArente  de  o0  par  effet  Doppler  : 


(fi  -  ra)  " 


rt  vecteur  unitaire  dans  la  direction  d’Aclairage 

I 

i 

i 


d' obser vat i on 
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n  indies  du  milieu  ou  se  propage  la  particule 
c  vitesse  de  la  lumiAre 

udC tris  proche  de  uQ)  est  mesure  directement  par  analyse  spectrale  optique  dans  les 
veiocimetres  " apectrometres"  l  i nt e r f e r ome t res  de  Hichelson  ou  de  Fabry- Perot ) .  Ce  type 
de  velocimetre  est  bien  adapte  pour  les  mesures  de  vitesses  tres  elevees  et  necessite  un 
e naeme nc e me nt  tres  important. 

Les  trois  autres  types  de  velocimAtres  laser  a  f ranges  reposent  sur  1'  idee  de 
mesurer  une  frequence  detectable  par  des  phot omul t i pi 1 cateurs,  en  realisant  des 
battements  de  frequence  (done  des  interferences  lumineuses)  pour  eliminer  le  terme  x>Qx  1 
dans  1' expression  generate  de  vd  ; 

-  velocimetre  k  faisceau  de  reference  effectuant  1*  operation  “od-  u0 

-  velocimetre  a  un  seul  faisceau  effectuant  1’ operation  »d  pd ^ j  _  vd  ^r  d2*j  observation 
du  signal  diffuse  dans  deux  directions  differentes. 

-  velocimetre  a  franges  effectuant  1*  operation  vd  j  -  ud  :  deux  faisceaux  laser 


Les  i nconveni ents  des  veiocimetres  a  faisceau  de  reference  et  a  un  seul  faisceau 
sont  bien  connus  depuis  longtemps  (difficultes  d'  ali gnement,  faible  rapport  signal  sur 
bruit  dQ  k  de  faibles  ouvertures  de  1' optique  de  reception).  Le  velocimetre  k  franges 
est  le  plus  couramment  repandu  :  1 ' l nde pe ndance  de  sa  reponse  avec  la  direction 

d' observation  permet  d'utiliser  des  optiques  receptrices  tres  ouvertes  (  d'  ou  un  meilleur 
rapport  signal  sur  bruit),  et  dans  des  configurations  geome t r i ques  adaptees  a  chaque 
besoin  (diffusion  avant,  ret rodi f f us l on,  etc.).  C‘  est  le  seul  type  de  velocimetre  laser 
dont  la  technologie  a  ete  developpee  au  maximum  pour  mesurer  si mul tenement  trois 
com posantes  de  la  vitesse  (  et  tres  souvent  au  tnoins  deux) 

L* organigramme  general  d' un  velocimetre  laser  a  franges  monodimensi onnel  est  donne 
sur  les  figures  1  et  2. 

2.2  velocimetre  tridimensionnel  (3D) 

Dans  un  ecoulement  turbulent,  la  vitesse  locale  n'  est  bien  defime  que  si  on  a 
seeds  k  ses  trois  composantes  s i mu  1 1 a neme nt  sur  la  m&me  particule.  Ensuite  les  calculs 
statistiques  fournissent  les  valeurs  moyennes  et  fluctuantes  des  composantes.  ainsi  que 
les  contraintes  de  cisai llement,  e’est-a-dire  le  tenseur  de  Reynolds  complet. 

11  faut  done  crier  localement  trois  reseaux  de  franges  ayant  des  directions 
differentes  et  des  car  act  en  st  i  ques  differentes.  Pour  les  veiocimetres  bi d i mens  1 onne 1 3 , 
la  distinction  des  deux  reseaux  de  franges  est  obtenue  soit  par  des  vitesses  de 
defilement  des  franges  differentes  (separation  electronique  des  signaux),  soit  par  des 
etats  de  polarisation  orthogonaux  (diaphonie  due  k  des  polarisation  elliptiques  dans  le 
volume  de  mesure),  soit  le  plus  souvent  par  1* ut i 1 l sat i on  des  deux  longueurs  d'  ondes  les 
plus  intenses  du  laser  k  argon  :  la  raie  verte  (X  =  514,5  nm)  et  la  rate  bleue 
(  X  *  488  nm)  . 

Pour  un  velocimetre  3D,  compte-tenu  de  1* experience  acquise  avec  les  veiocimetres 
2D.  la  technique  la  plus  ope  rat i onne 1 1 e  consiste  k  creer  trois  reseaux  de  franges  ayant 
trois  couleurs  differentes.  C*  est  la  technique  notamment  developpee  a  1' ONERA  fcn  fait 
seul  un  velocimetre  3D  permet  de  caractinser  correct  erne  nt  les  ecoulement  complexes 
turbulents  et  devant  tous  itre  consideres  comme  t r 1 d i me  ns i onne 1 s  nianmoi ns  ce  type 
d'  apparei  llage  est  plus  difficile  k  mettre  en  oeuvre  qu'  un  v61ocimetre  ID  ou  2D  pour 
deux  raisons  essentielles 

-  le  coQt  d'  un  tel  apparei 1 lage.  utilisant  des  systemes  optiques,  mecaniques  et 
*1  ect  roni  q  ues  plus  sophi  st  i  ques,  airtsi  qu'  un  calculateur  plus  puissant. 

-  les  problAmes  giometriques  lies  k  1 '  access i bi 1 i 1 6  des  faisceaux  laser  dans  la  veine 
d'essai,  parfois  autour  d*  une  maquette  de  geometric  61aboree.  et  g6n6ralement  a 
travers  des  hublots  trop  petits. 

La  source  laser  capable  de  deli vrer  trois  longueurs  d’ onde  intenses  est  un  laser  k 
argon  En  b i d i mens l onne 1  les  raies  verte  (X  =  514,5  nm)  et  bleue  (X  ■  488  nm)  ,  ont 
dabord  eti  utilises  car  ce  sont  les  plus  intenses  et  elles  ont  A  peu  pres  la  m£me 
intensity  ;  la  troisiAme  raie  intense  est  la  raie  violette  (X  =  476,  5nm)  ,  ma i s  elle  est 
environ  trois  fois  moi ns  puissante  que  les  raies  verte  et  bleue  quand  le  laser  emet 
s i mu  1 1 a n A me n t  sur  toutes  les  longueurs  d'  onde.  C'  est  pourquoi  dans  le  velocimetre  3D 
conqu  a  1' ONERA  deux  lasers  k  argon  de  15  watts,  toutes  raies  sont  utilisees  comme 
sources  lumineuses  1'  un  fonctionne  k  8  watts  toutes  raies  (  3  H  pour  la  composante 
verte  et  3  W  pour  la  composante  bleue  ;  velocimetre  2D  initial)  et  le  second  fonctionne 
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en  monoraie  violette,  a  son  maximum  de  puissance,  c’est-4-dire  2,  7  W  ;  ainsi  cheque 
reseau  de  franges  regoit  la  meme  quantity  de  lumiere 

Le  schema  general  de  ce  velocimetre  3D  est  donne  sur  lr  figure  3  ;  trois  systemes 
de  division  de  faisceau  independants  sont  disposes  en  parallels  sur  les  trois  couleurs. 
Chacun  se  compose  de  ■ 

-  un  telescope  afocal  afin  que  pour  chaque  composante  les  faisceaux  soient  bien 
focalises  dans  V  (  d’ ou  un  interfrange  bien  constant) 

-  un  diviseur  de  faisceau  (  ecartement  des  faisceaux  de  30  mm,  avec  difference  de  marche 
nul 1 e) . 

-  deux  cellules  de  Bragg  avec  prismes  et  d  i  as por amA 1 res  pour  remettre  les  faisceaux 
emergeant  des  cellules  de  Bragg  paralleles  aux  faisceaux  incidents; 

La  lumiere  diffusee  vers  1*  a  van1,  (  ou  retrodif  fusee  pour  les  basses  vitesses)  est 
collectee  par  deux  telescopes  Cassegrain  travaillant  a  des  distances  de  600  mm  a  2  m  de 
V  (  ouverture  variant  de  f/3  a  f/10,  vu  que  le  miroir  primaire  a  un  diametre  de  200  mm)  ; 
l’un  est  equipe  de  deux  photomul t i pi l cateurs  (PM)  pour  les  composantes  verte  et  bleue 
(le  flux  est  separe  par  une  lame  dichroique)  et  1* autre  par  un  troisiAme  PM  sensible 
uniquement  a  la  composante  violette  ;  chaque  PM  est  precede  d'  un  filtre  i nterf erent l el 
de  4  nm  de  bande  passante  L* angle  solide  de  chaque  telescope  est  toujours  dispose  de 
mamere  a  etre  adjacent  au  cfine  defini  par  les  faisceaux  laser  de  la  composante 
concarnee.  et  ce,  afin  d'etre  place  dans  la  geometne  optimale  pour  collector  la  lumiere 
diffusee  selon  la  theorie  de  Mie. 

Les  signaux  Alectriques  issus  des  trois  photomul t i pi l cat eurs  sont  traites  en 
parallele  par  trois  compteurs  ;  une  interface  s'  assure  de  la  simultaneity  des  donr.ees, 
de  maniAre  4  delivrer  a  l’ordinateur  des  triplets  de  valeurs  instantanAes  relatifs  a 
trois  composantes  de  vitesse  instantanAes  de  la  m£me  particule.  L’ordinateur  connecte  au 
banc  de  velocimAtrie  laser  assure  les  fonctions  suivantes  : 

-  acquisition  d' un  triplet  de  donnees  pour  chaque  particule,  ainsi  que  l’intervalle  de 
temps  entre  deux  triplets  successifs,  ce  qui  permet  de  dater  les  evenements  pour  des 
traitements  ulterieurs. 

-  contrdle  des  deplacements  des  deux  bancs  XYZ  (  un  de  chaque  c&te  de  la  soufflerie  quand 
le  vAlocimAtre  fonctionne  en  diffusion  avant)  l’ordinateur  ordonne  aux  moteurs  pas  a 
pas  une  certaine  amplitude  de  deplacement,  regoit  en  retour  1  *  i nf or mat i on  de  position 
gr&ce  4  des  codeurs  optiques  lineaires  places  sur  chaque  axe  de  translation,  ce  qui 
permet  un  asser vi ssement . 

-  acquisition  des  conditions  generatrices  de  l’ecoulement  (pi,  Ti)  pour  normaliser  les 
resultats 

-  traitement  des  donnees  de  maniAre  a  calculer  dans  un  repere  trirectangle  liA  4 
l'ecoulement  (  ou  4  la  maquette)  les  vitesses  moyennes  u,  v,  w  et  le  tenseur  de 

1  2  2  2 

Reynolds  t  u  ,  v  ,  w  u*  v'  ,  u'  w'  ,  v'  w'  )  ainsi  que  les  ordres  superieurs  de  la 

'3  '4  '3  '4  "3  ’4 

turbulence  (u.u,  v,v,  w,w).  D«s  traces  d*  hi stogrammes  sont  Agalement 
possibles,  qui  peuvent  mettre  en  Evidence  des  phAnomAnes  d’  l ntermi ttsnce  ou 
d’  i ns t ab i 1 1 tA  de  1*  Acoulement. 

La  configuration  optique  4  Cha 1 ai s - Me udon  (  cf  fig.  4  pour  les  conventions 
geomA t r l q ues)  est  actuellement  la  suivante  : 

-  composante  vertical®  w  mesuree  directement  avec  la  raie  bleue  (A  *  488  nm) 

-  deux  composantes  horizontales  Rj  et  R2  mesurAes  avec  les  raies  verte  <  A  ■  514,  5  nm)  et 

violette  (A  =»  476,5  r.m)  ;  les  angles  Pj  »  (Rj.u)  et  32  «  (  u,  R2)  sont  rAglables  pour 
chaque  type  d’  Acoulement  ;  (0t*  fl2)  est  toujours  de  l'ordre  de  60*  pour  des  questions 

de  precision  de  mesure  exposees  dans  le  f  2.3.1.  La  flexibility  du  choix  de  (Jj  et  02 
est  rendue  possible  par  le  fait  que  les  optiques  Amettnces  verte-bleue  et  violette 
peuvent  dtre  glissAes  i nde pe ndamme nt  sur  un  rail  horizontal  ( cf  photo  5). 

Les  deux  bancs  de  dAplacement  XYZ  (  200  mm  de  course  selon  chaque  axe)  supportent 
les  divers  corposants  optiques  .  les  lasers  4  argon  et  le  syatAme  de  division  de 
faisceau  3D  se  deplacent  dans  un  plan  horizontal  en  X  et  Y  ;  les  optiques  d'  Amission 
sont  suspendues  4  un  rail  mobile  selon  1'  axe  vertical  de  dAplacement  Z  ;  de  1'  autre  cfltA 
de  Is  soufflerie.  en  diffusion  avant,  les  deux  telescopes  Cassegrain  sont  fixAs  sur  le 
banc  de  reception  similaire  4  celui  d‘ Amission  :  chaque  banc  XYZ  possAde  des  degrAs  de 
liberte  d' orientation  (a,  0,  t)  pour  rendre  ses  axes  de  dAplacements  parallAles  4  ceux 

de  la  soufflerie 
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2.3  Precision  des  mesures 

L' instrumentation  mise  en  jeu  avec  un  tel  velocimdtre  3D  est  suffisamment  coQteuse 
pour  que  l'on  s’  attache  a  obtemr  des  rEsultats  de  qualite,  dans  lesquels  les 
uti li sateurs  puissant  avoir  confiance.  Ouatre  aspects  importants  de  ce  problEmes  ont  EtE 
studies  .  la  localisation  du  volume  de  meaure,  la  calibration  absolue  du  velocimdtre,  la 
precision  des  mesures  en  tri di mensi onnel,  le  comportement  des  adrosols  servant  de 
traceurs  de  1‘  Ecoulement. 

2.  3.  t .  Rsptrag*  du  votun*  d s  fissure 

Le  diamdtre  du  volume  de  mesure  dans  le  plan  XZ  est  de  1*  ordre  de  400  i*m  ;  le  long 
de  1'  axe  ¥,  pares  que  la  partie  reception  a  un  axe  de  visee  inclinE  d’  une  dizaine  de 
degres  par  rapport  &  1* axe  de  l'optique  d' emission,  la  longueur  vue  est  de  1' ordre  du 
millimdtre  ;  ces  dimensions  caracterisent  la  resolution  spatiale  de  1’  l nstrument .  La 
robuBtesse  des  dispositifs  mecaniques  de  translation  fait  que  l'alignement  optique  du 
velocimdtre  reste  conserve  lors  des  dEplacements  :  la  lecture  des  deplacements  est 
effectuee  avec  une  precision  de  0,01  mm  ;  I'ecart  de  position  entre  les  bancS 
emission-reception  no  depasse  jamais  0,03  mm.  tfeanmoins  il  faut  localiser  ce  volume  de 
mesure  optique  (croisement  de  6  faisceaux  laser  focalises)  par  rapport  a  la  maquette 
presente  dans  1* ecoulement.  Generalement  on  dispose  sur  la  maquette  un  trou,  de  la 
dimension  du  volume  de  mesure,  dans  un  plan  XZ  et  dont  la  position  est  tres  precisement 
ponnue  dans  le  repere  de  la  maquette. 

Les  coordonnees  du  volume  de  mesure  coincident  exactement  avec  celles  du  trou  de  la 
maquette  lorsque  les  six  faisceaux  en  emergent  et  qu’ils  presentent  des  anneaux  de 
diffraction  par  observation  viswelle  sur  un  ecran  :  ainsi  le  volume  de  mesure  est  regie 
en  position  par  rapport  a  la  maquette  avec  une  incertitude  do  0,1  mm  dans  les  trois 
directions.  Autdnt  que  possible  ce  reperage  doit  §tre  fait  en  soufflage  (trou  solidaire 
de  la  maquette  hors  d'  une  zone  a  sonder)  pour  tenir  compte  des  deplacements  eventuels  de 
la  maquette  en  cours  d'essai. 

2  3.  2.  Et  atonnage  precis 

Pour  chaque  composante  meauree,  vl  s'  agvt  de  determiner  1’  interf range  i  et  la 
direction  de  la  composante  (normale  aux  plans  des  franges)  dans  l’espace. 

L* utilisation  d’  un  theodolite  installs  a  proximite  du  volume  de  mesure  permet 
d’ acceder  a  tous  ces  parametres  avec  une  excellente  precision,  ce  qu' aucune  autre  des 
methodes  plus  simples.  souvent  mises  en  oeuvre  pour  des  velocimetres  ID  ou  2D  ne  peut 
real i ser. 

Le  principe  est  le  suivant  :  des  qu'  un  faisceau  laser  est  parallele  a  1' axe  optique 
de  l'objectif  du  theodolite.  il  est  focalise  au  centre  d’  une  croix  placee  par 
construction  dans  son  plan  focal  image  ;  cette  figure  est  projetee  sur  un  ecran  par 
l’oculaire  du  theodolite.  Les  theodolites  recents  permettent  d’adresser  directement  a  un 
petit  calculateur  les  valeurs  angulaires  honaontale  et  verticale  (site  et  azimut  de  la 
direction  dans  l'espace  de  ce  faisceau  laser  avec  une  precision  elevee.  Pour  un 
vElocimEtre  3D.  i 1  faut  pointer  ainsi  successi vement  les  six  faisceaux  laser  secants, 
puis  un  axe  de  reference  de  1' Ecoulement  ( autocol 1 i mat i on  sur  un  hublot  lateral  de  la 
veine,  miroir  fixE  sur  la  maquette.  etc...).  Connaissant  les  trois  composantes  du 
vecteur  unitaire  parallele  a  chacun  des  six  faisceaux  laser  (et  de  1*  axe  de  reference) 
dans  un  repere  tri rectangle  connu  (la  visee  de  1'  axe  de  reference  sert  a  determiner  0y> . 
on  peut  alors  en  deduire  les  trois  l nterf ranges  et  les  neuf  coefficients  de  la  matrice 
reliant  les  composantes  mesurEes  < R2  R3>  aux  composantes  voulues  ( uvw  selon  XYZ». 

La  figure  6  donne  la  nomenclature  des  angles  et  des  axes  ,  de  plus,  comme  la 
procEdure  de  mesure  est  rapide,  les  pointes  peuvent  Etre  repEtes  plusieurs  fois  pour 
ameliorer  la  precision.  Un  Etalonnage  d'  un  velocimdtre  3D  prend  ainsi  environ  une 
demi-heure  pour  des  incertitudes  de  mesure  de  1'  ordre  de  1  l  sur  les  interfranges  et 
environ  0.1*  sur  chaque  angle. 

iJne  composante  de  vitesse  mesuree  Rj  est  definie  par  le  vecteur  unitaire  Kj 
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Arc  cos  |aJ  »  b|  ♦  c|  ci 

L’ interfrange  est  donne  par  — 

2  sin 

Alors  Rt  =  Kly  u  ♦  Klyv  ♦  K,zw 

Les  iriemes  equations  peuvent  etre  ecrites  pour  les  deux  autres  composantes  mesurees 
R,  et  R3  (  sachant  que  gen«ralement  jl  est  possible  de  mesurer  directement  w  selon  2  avec 
R3>  ce  q  u 1  conduit  a  K-j*®  K3ys  Alors 


et  v  =  («“) 

w  ' 

2.  j  3.  ZncertituJ.es  de  -mesure  .?n  r  *• :  J  t  :  .r*irn? r 

Le  montage  opt  1  que  ccnduisarit  a  la  mei  1  leure  precision  de  me  sure  est  assurement 
relui  qui  per met  la  mesure  direcle  des  trois  composantes  u.  v  et  w  Cela  necessite 
toutefois  un  acces  opt  1 que  a  ]'  ecou lament  non  seulem®nt  par  des  lenetres  1 aterales  (pour 
u,  w  cf  fig  4>.  mats  aussi  par  des  hublots  au  plafond  et  ou  au  plancher  de  la  veine,  ce 
qui  est  rarement  possible  hormis  a  la  soufflene  F 2  du  centre  UNERA  du  Fauqa-Mauzac, 
speeialement  congue  a  cet  effet  2  j  ou  dans  des  etudes  de  jet  libres. 

Les  problemes  surgzssent  quand  la  composante  v  le  long  de  1'  axe  y  n  est  pas  mesuree 
directement  mais  par  combinaison  de  deux  composantes  dans  un  plan  horizontal,  par 
exemple  u  «v  R.  R  faisant  un  angle  C>  avec  u  Cette  configuraton  est  donnee  a  titre 
d'exempie  car  c'etait  cel  le  des  premiers  ve loci  metres  laser  JD  exploites  aux  Etats-Unis 
a  NASA  Ames  et  au  NSWC 

r  R  -  u  cos  ft  ^  2 ) 

sin  ft 

La  difficulte  dans  cette  formule  provient  de  oue  R  et  u  cos  ft  sont  ge  ne  r  a  1  eme  n  t 

deux  grands  nombres  dont  la  differ ence  est  petite,  d'  ou  1’  incertitude  sur  v.  Ep 
developpant  cette  formule  avec  les  notations  :i-apres.  ll  apparait  qu’en  mixant 
e 1 ec t ron 1 q ueme nt  les  signaux  des  composantes  R  et  u  on  pn*‘  ameliorer  la  precision  de 
mesure 

Op  frequence  mesuree  selon  R  frequence  du  mo uve merit  des  franges  selon  R 

j  frequence  mesuree  selon  u  ;  vpu  frequence  du  wouvewent  des  franges  selon  u 

vB  -  v  tj  frequence  mesuree  a  la  sortie  d'  un  mixer 
' i»p#-  vpy  frequence  ipparente  du  mouvement  des  franges  selon  v 

iB  interfrange  selon  R 
1  interfrange  selon  u 
\  -  1  r  i  cos  ft 

<U»-  U,  '  ’■»,>  >»-  »  =  »pv>  •  <».•  1  |3, 

sin  B  sin  f 


La  mesure  d  une  frequence  u,  plus  faible  est  ef f  ftuee  plus  precise  me nt  dans  un 
.-ompteur  Halheureusement  cette  idee  se  heuite  *  deux  difficultes  a  la  sortie  d  un 
mixer  1  1  Taut  filtrer  le  siqnal  pour  bien  1  S'der  \>v  des  frequences  d'  entree  et  :r 

dui  *n  pratique  necessite  d' avoir  une  \d£e  a  priori  des  valeurs  des  composantes  e*  de 
leur  turbulence)  et  d'  autre  part  ll  Taut  minimiser  ou  annul er  I.  ce  qui  n  est  ni  a  1  *  e 
ni  precis  Les  essais  effectues  a  l'ONERA  avec  des  mixers  n'ont  » pr  ■  t  *  e  ay.  • 

ameliorat  -*n  de  la  qualite  des  mesures.  mats  ont  engendre  beaucoup  plus  ge  *• 


1 nstru«*ntal«  fapparemment  inutile'  et  une  degradation  du  rapport  signal 
Par  contra  un  ph*nomine  preoccupant  a  ete  n.is  en  evidence  pour  des 
d«  ft  1  dt  1'  ordn  de  ?0*  '  Dans  un  ecoulement  de  turbulence  isv*r  >pe 


>  jr  b  r  u  .  « 
fait.es  •  1  * 
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expArimental  final  Jv  2  ^  3  Ju  2,  auaai  bien  en  subsonique  (  50  m/a)  qu'  4  Mach  1.  En 

portant  1' angle  &  entre  lea  deux  compoaantea  mesurees  dans  un  plan  horizontal  4  une 
valeur  de  1' ordre  de  60*.  le  facteur  3  a  etA  r4duit  4  1,6  ( cf  fig.  7).  L' expl i cat i on 
probable  de  cet  allongement  de  1*  hiatogramme  dea  viteasea  (  qui  devrait  §tre  inclue  dana 
un  cercle)  eat  donnAe  gr&ce  4  la  figure  8.  P  ^  et  P  ^  aont  deux  particules  rAelles,  de 
viteaaea  diff4rentea  (dana  le  cercle  de  probabilit4  de  turbulence  isotrope),  qui 
d41ivrent  dea  aignaux  pendant  le  crit4re  de  aimultanAitA  ;  pour  la  particule  Pi  le 
compteur  mesurant  ui  valide  la  meaure  et  paa  celui  mesurant  r., pour  la  particule  Pj  il 
ae  passe  le  contraire  ;  le  reaultat  donn4  par  le  velocimAtre  eat  une  Mparticule 
virtuelle"  P v  de  compoaantea  (Uj.rj).  L'  etude  dAtaillAe  de  ce  probl4me  eat  pr4sent4e  en 
rAfArence  [l  ]  et  aboutit  aux  conclusions  auivantes  :  il  faut  augmenter  P  au  maximum  (60* 
aerait  un  minimum  et  90*  1'  optimum)  et  rAduire  1 '  ensemencement  pour  diminuer  la 

probabilit4  de  meaurer  ainai  deux  particules  Pi  et  P j. C* est  d'ailleurs  ce  qui  se  passe 
dana  lea  4coulementa  4  fort  taux  de  turbulence  (tourbillona  notamment)  ou  cet  effet  de 
1*  allongement  de  1'  hi  a togramme  s'  attAnue. 

2.3.4.  Aerosols  uf  itis4s  en  vtiocim&trie  taser 

Diff4rents  types  d’ aerosols  aont  utilises  en  velocimetrie  laser,  issus  de  divers 
gAnArateurs  de  particules.  La  thAorie  prAvoit  que  pour  auivre  de  fortes  accelerations  ou 
d4c414rationa  (traverses  d' un  choc  par  example)  les  particules,  sur  lesquelles  repose  la 
meaure  du  vAlocimAtre  laser,  doivent  §tre  submicroniques,  et  m§me  d'  autant  plus  petxtes 
que  lea  viteasea  4  meaurer  sont  plus  grandes. 

One  etude  comparative  du  comportement  de  diff4rents  aerosols  lors  de  la  traversAe 
d' un  choc  a  AtA  entrepriae  en  collaboration  entre  1* ONERA  et  1’IMST  en  1985  ;  un  gros 
effort  de  recherche  a  4galement  4t6  effectuA  aux  Etata-Ums  dana  ce  domains  [3],  Les 
conclusions  eaaentielles  sont  rAsumAea  ci-deasous  : 

-  les  particules  de  latex  calibreea  4  0,  3  P-m  par  exemple,  atomisees  4  partir  d*  une 
solution  comprenant  10  ml  d'  eau  *  latex  (10  %  de  latex  pur)  et  un  litre  d* alcool. 
donnent  dea  rAaultata  conformes  4  la  thAorie.  Un  bon  mode  d’  injection  semble  @tre 
d* atomiser  le  mAlange  dana  la  chambre  de  t ranq ui 1 1 i sat i on,  suffisamment  loin  en  amont 
du  point  de  meaure  pour  que  1' alcool  aoit  totalement  AvaporA. 

-  un  m41ange  de  5  X  de  D0P  dana  1‘ alcool  (atomise  puis  sAchA  dans  une  colonne 

chauffante)  doit  donner  une  granulometric  de  0,44  Urn,  alors  qu’  un  melange  de  1  X  de 
DOP  dans  1' alcool  doit  donner  une  granulomAtn  e  plus  fine  de  0,2  t*m  peu  disperses.  Les 
pentea  dea  courbea  u  *  f( x)  au  travera  d'  un  choc  confirment  cea  estimations  par 
comparaiaon  avec  le  latex  0,3  i*m. 

-  un  mAlange  de  20  X  d'huile  de  paraffine  ( ou  de  Rhodorsil  710  plus  rAaistant  4 

temperature  41ev4e  jusqu' 4  800  K)  dana  du  t n chloroAthane,  iaau  d'  un  atomiseur  auivi 

d'  une  colonne  sAchante  (ayatAme  pr4coma4  par  le  DPVLR  en  Allemange)  donne  Agalement 
une  me  jor i t4  de  petitea  particules  de  1’ ordre  de  0,  5  i*m,  avec  1’ avantage  de  ne  pas 
salir  rapidement  lea  hublota  (notamment  en  turbomachi nea)  . 

'  lea  fumAea  d* encena  aont  polydiapersAes  ;  en  diffusion  avant  4  Mach  2,  avec  une 
puissance  laser  de  3  W  pour  une  composante  et  une  optique  r4ceptnce  ouverte  4  f/5, 
lea  r4a ul t a t a  obtenua  aont  comparables  4  ceux  dOa  aux  billea  de  latex. 

Au  atade  actual  de  cea  Atudes  qui  vont  ae  poursLivre  on  retient  lea  points 
importanta  suivanta  : 

"  pour  qu* un  vAlocimAtre  laser,  traitant  lea  aignaux  avec  un  compteur,  aoit  sensible  aux 
plus  petitea  particules  (  0,  2  4  0,3  u>m)  ,  4  dea  viteaaea  de  300  4  500  m/a,  il  faut 
disposer  d* une  puissance  laser  d* environ  3  w  sur  cheque  composante,  et  d* une  optique 
de  r4ception  ouverte  entre  f/3  et  f/10,  auivi  d* un  phot omul t l pi i cat eur  de  gain  106,  ce 
qui  n* eat  paa  le  caa  dea  systAmes  commerciaux  actuals. 

"  il  eemble  pr4f4rable  de  a’ orienter  vers  1 '  ut i 1 i sat i on  g4n4ralis4e  en  Acoulament 
aArodynami que  dea  billea  de  latex  calibrAes,  qui  fourniaaent  un  aAroaol  monodiaperaA 
connu,  ce  qui  permettra  parfoia  dutiliaer  la  r*t rodi f f uai on  (an  augmentant  le  gain 
das  amplificataura  Alectroniquea  daa  compteura)  sens  d4t 4r i orat i on  de  la  qualitA  dea 
rAaultata.  En  effet  aouvent  quand  1' aAroaol  a  une  granulomAt ri e  pol ydi apersAe,  en 
rAtrodif fusion  le  vAlocimAtre  laser  eat  syatAmat i quement  sensible  4  la  queue  de  la 
distribution  en  taille  vara  lea  grosses  particules,  ce  qui  ralentit  la  cadence 
d* acqui si t ion  de  donnAes  et  fauaae  lea  rAaultata  de  vitesae  moyenne  et  d'  Acart-type. 

-  en  caa  d* uti 11  sat ion  d* une  huile,  la  dilution  dans  un  aolvant  avant  atomiaation  rAduit 
toujour*  la  granulomAt ri e  qui  deviant  aouvent  4  majoritA  aubmi croni q ue. 

Dana  lea  Acoulementa  4  vitesae  AlevAe  et  haute  tempArature,  il  eft  prAconisA 
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d'utiliser  des  particules  refractaires  belles  que  Ti  02  jusqu' a  1800  K  ou  Zr 02  juaqu'A 
2700  K,  gAnArees  par  un  lit  fluidise  ou  un  cyclone  A£203  donne  gA nAral ement  des 
particules  entre  2  et  3  P-m. 

Pour  des  essais  dans  des  moteura  A  Sandia  Laboratories  [4],  afin  d'eviter 
1* abrasion  rapide  de  la  chambre  de  combustion  due  aux  particules  de  Zr02.  un  melange 
ZrP4  dans  de  1'  eau  est  vaporish  :  il  donne  de  bons  resultats  dans  la  partie  froide  de 
l'  acoulement,  puis  se  transforme  an  Zr02  uniquement  dans  la  zone  de  combustion,  ce  qui 
limite  1‘ erosion. 

2.4.  Utilisation  de  fibres  optiques  en  velocimetrie  laser 

II  faut  distinguer  1’  emploi  de  fibres  optiques  dans  la  partie  emission  et  dans  la 
partie  reception. 

Des  fibres  optiques  multimodes  de  600  pm  de  coeur  sont  aisement  utilisables  dans  la 
partie  reception  pour  conduirre  la  lumiere  diffuses  collectee  par  1’ optique  riceptrice 
vers  les  photomulti plicateurs,  qui  peuvent  ainsi  §t  r  e  eloignes  de  certains 
envi ronnements  hostiles  (  rayonnement  e 1 ectromagnet i q ue  d’  un  laser,  fort  niveau  de 
vibration,  etc...). 

Par  contre  a  l'emisson  il  s'agit  de  vehicular  des  faisceaux  laser  (  generalement  de 
forte  puissance)  en  conservant  leur  coherence  spatiale  et  temporelle  afin  de  creer  des 
interferences  de  bonne  quality  dans  le  volume  de  mesure  V.  Pour  evi ter  des  phenomenes  de 
speckle  indesirables  dans  V.  ce  sont  des  fibres  monomodes  qui  sont  uti liseea,  avec  un 
coeur  de  5  pm  environ.  Les  premiers  dispositifs  commercialises  ne  fonct  lonnai  ent 
qu'  avec  des  laser  He-Ne  de  faibles  puissance  ;  la  technologie  des  fibres  optiques 
Avoluant  actuellement  tree  rapidement,  des  systemes  sont  maintenant  proposes  avec  des 
lasers  a  argon,  qui  correspondent  aux  schemas  de  la  figure  9  La  puissance  laser  pouvant 
entrer  dans  ces  tfetes  optiques  mi ni atun sees  de  velocimAtre  monodi mensi onnel, 
fonctionnant  en  retrod l ffusi on  axiale.  est  encore  limitee  A  1  watt  environ  ;  la  distance 
de  vises  est  d'  une  cinquantaine  de  mm. 

Cette  technologic  va  a  l’encontre  de  l'idee  fondamentale  de  la  velocimetrie  laser 
"qui  ne  perturbe  pas  1  *  ecoul  e  me  n  t "  ,  puisqu'il  y  a  introduction  de  sonde  matenelle. 
NAanmoins  cette  nouvelle  technologie  etend  le  domaine  d'  application  de  la  velocimetrie  a 
des  ecoulements  ne  possAdant  pas  d* acces  optiques  lateraux  larges,  et  peut  rendre  des 
services  quand  la  chambre  d‘  experience  est  entouree  par  un  grand  caisson  pressurise  (cas 
de  certaines  grandes  souffleries  a  caract^re  industriel) 

3  -  VELOCIMETRIE  LASER  A  BARRIERE  0PTIQUB 

Dans  le  cas  oil  le  niveau  de  lumiere  parasite  est  intense,  dans  les  essais  en 
turbomachines  par  exemple  (dans  des  canaux  etroits).  les  velocimetres  A  franges 
classiques  fonctionnant  mal  la  limite  d‘  approche  frontale  d'  une  paroi  que  les 
faisceaux  laser  heurtent  est  de  l’ordre  de  5  a  15  mm  ;  des  moyena  pour  reduire  cette 
limitation  sont  decrits  dans  le  I  4.  2  mais  ne  sont  pas  tou.iours  applicables.  C‘  est 
pourquoi  la  velocimetrie  a  barriAre  optique  s' est  developpee.  avec  comma  idAe 
fondamentale  de  plus  concentrer  l'energie  lumineuse  dans  le  volume  de  mesure  pour 
amAliorer  le  rapport  signal  sur  bruit.  Deux  types  de  velocimAtres  sont  dAcrits 
ci'dessouB.  r  un  disponible  comrnerci alement  (deux  points),  1'  autre  n'etant  qu'  au  stade 
du  laboratoire  (deux  traits). 

3.1  VAlocimAtre  deux  points  [s] 

Le  sehAma  d'  un  tel  vAlocimAtre  est  donnA  par  la  figure  1C-  ;  le  faisceau  laser  est 
focalisA  en  deux  points  d'  environ  20  pm  de  diamAtre  et  distants  de  400  pm.  C’  est  la 
lumiere  rAtrodi f f usAe  sur  1'  axe  qui  est  collectAe  dans  tous  les  systemes  commerc i aux, 
essent i el 1 ement  parce  que  dans  lea  applications  en  turbomachines  1* sccAs  optique  est 
limitA  A  travers  de  trAs  petites  hublots,  Les  l neon veni ents  de  cette  technique  sont  les 
suivants  les  mesures  ne  peuvent  gtre  faites  que  dans  des  Acoulements  faiblement 
turbulents  (moina  de  10  A  15  %  ;  une  particule  traversant  le  premier  point  ne  doit  pas 
avoir  une  probabilitA  trop  basse  pour  traverser  le  second)  et  il  est  impossible 
d'  effectuer  des  mesures  tri di mensi onnel 1 es  simultanAes  sur  la  m€me  particule,  puisqu'il 
faut  tourner  la  ligne  joignant  lea  deux  points  pour  obtenir  localement  les  variations 
angulaires  de  1* Acoulement  ;  la  durAe  des  acquisitions  pour  chaque  position  du  volume  de 
mesure  est  longue. 

11  apparsit  done  que  ces  appareils  sont  les  seuls  A  pouvoir  fournir  des  mesures 
trAs  prAs  des  parols,  mais  la  durAe  d'  une  mesure  est  longue  et  on  ne  peut  sonder  des 
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ecoulements  t  r  6  a  turbulents,  malheureusement  existant  souvent  prAs  des  parois  :  couch*# 
limites.  tourbillons.  zones  de  dAcollement.  ate. 

Lors  da  1' etude  comparative  du  rapport  signal  sur  bruit  des  diffArents  types  de 
vAlocimAtres,  quand  nous  montrerons  q uant i t at i vement  combien  cette  configuration  optique 
de  velocimAtre  laser  est  avantaqeuse,  il  faudra  garder  en  mAmoire  tous  las  i nconvAni ents 
pratiques  pour  1 '  expl orat i on  des  ecoulements  turbulents. 


3.2.  VAlocimAtre  deux  traits 

A  1*  ONBRA  nous  avons  developpA  un  vAlocimAtre  A  barriAres  optiques 

monodi mensi onnel  (mesure  d'  une  composante  de  la  vitesse)  appele  deux  traits  ( cf  fig. 
11)  Les  points  C de  differentes  couleurs  :  un  vert  et  un  bleu  issus  d' un  laser  A  argon) 
sont  transformes  en  deux  traits  en  creant  de  1' as ti gmat i sme  dans  la  partie  Emission, 
gr&ce  A  des  lames  A  faces  parallAles  inclinees.  Un  tel  systAme  peut  mesurer 
success i vement  differentes  composantes  de  la  vitesse,  par  rotation  des  lames  inclinees, 
ce  qui  assure  une  rotation  des  traits  sur  eux~m£mes  ;  la  ligne  joignant  les  centres  des 
traits  peut  €tre  disposee  parallAlement  A  la  direction  principals  de  1'  Acoulement  en 
tournant  le  prisme  separateur  de  couleurs.  Un  tel  appareil  devient  bi di mensi onnel  quand 
un  systems  de  deux  croix  est  crAe  (  cf  fig.  11b).  Ces  vAlocimAtres  A  traits  sont 
comparables  A  des  vAlocimAtres  A  franges  n' ayant  que  deux  franges,  mais  avec  le 
traitement  du  signal  ( convert i sseur  temps-tension,  analyseur  multicanaux  donnant 
1‘  hi s t ogramme  des  temps  de  transit)  et  quelques  avantages  des  velocimAtres  deux  points  ; 
1' etude  du  rapport  signal  sur  bruit,  ainsi  que  des  expAriencs  de  laboratoire,  montrent 
clairement  la  situation  i nte rmedi ai re  de  ce  type  de  velocimAtre  laser,  capable  de 
travailler  dans  des  ecoulements  asse2  turbulents  (  rg<  30  A),  mais  pas  dans  des  zones  de 
recirculation  ;  il  accepte  cependant  des  variations  angualires  de  1' Acoulement  jusqu'A 
±  10*.  Initialement  ce  velocimAtre  laser  fut  montA  en  retrodi f f usi on  co-axiale  ;  noua 
montrerons  les  ameliorations  obtenues  en  utilisant  une  geometrie  ou  1' optique  de 
reception  est  adjacente  A  1*  optique  d'  emission  ( rA t rodi f f ussi on  hors  de  1'  axe)  . 


4  -  RAPPORT  SIGNAL  SUR  BRUIT  BN  VELOCI METRI B  LASER 

Nous  consi dererons  qu' en  raison  des  fl'ix  faibles  diffuses  par  des  particules 
submicroniques  le  detecteur  est  un  photomulti plicateur.  Le  rapport  signal  sur  bruit  RSB 
s’ ecri t  alors  : 

RSB  =  ( RSB) „AX.  C 


K  «,  Jf  ^ 


PL:  puissance  du  laser 

ar  :  angle  du  edne  de  1'  angle  solide  de  1'  optique  rAceptrice 
<j  :  section  efficace  de  diffusion  d’  une  particule 
(-  io  9mm2ar  1  pour  une  particule  d'  eau  de  0,  B  v*m  de  diamAtre) 
h  :  constante  de  Planck  •  6,6.  10  J.  s 

mq  :  frAquence  de  la  lumiAre  laser  ^  6.1014Ha  % 

<3f  ;  band*  passant*  de  1’ Alectronique  (pluaieura  MHa) 

■Q  :  efficacitA  quantique  du  PM  ( ^  0,1) 

Sv  :  surface  AclairAe  dans  le  volume  de  mesure  dans  un  plan  x, y 
a  :  albAdo  d*  une  paroi  c  -2s  o,1) 

K  :  caractArise  la  surface  commune  au  diaphragms  placA  devant  le  PM  et  A  1'  image  SM, 
dans  le  plan  du  diaphragms,  de  1’  impact  des  faisceaux  laser  sur  la  paroi. 

L’Avolution  de  ce  rapport  signal  sur  bruit  d' aprAs  [6]  pour  des  caracAr i at i q ues 
classiques  de  vAlocimAtrea  A  franges,  deux  points,  deux  traits  donna  les  courbes  de  la 
figure  12.  mettant  en  Avidence  la  situation  de  compromia  intAressante  dans  laquelle  se 
trouve  le  vAlocimAtre  deux  traits. 

Mentionnons  ici  toutefoie  pour  mAmoire  les  diverses  fapons  d'amAliorer  le  RSB  dans 
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un  vAloci mA tre  A  frangea,  qui  raata  la  technique  la  plus  opArat i onnel 1 e  car  applicable 
aux  Acoulements  tr^a  turbulents,  qui  se  manifestent  aouvtnt  pres  daa  paroia  : 

*  reduction  da  la  taille  du  volume  de  meaure  A  60  u-m  da  diamAtre  par  example  (  ce  qui  se 
rapproche  de  la  surface  Sv  d'  un  velocimAtre  A  barnAre  optique),  ce  qui  entraine  dea 
interfrangea  petita,  done  dea  frAquences  AlevAes  A  traiter  pour  dea  viteaaes  Alevees 
(limitation  en  vitease  de  1* ordre  de  ISO  m/s  dans  ce  cas)  . 

•  utilisation  de  particulea  f luoreacentes  ( ce  qui  annuls  1' influence  de  a,  car  la  paroi 
n'  eat  plus  vue  par  le  PH). 

-  traitement  du  signal  par  analyse  spectrale,  plutflt  que  par  comptage,  ce  qui  reduit  Af 

3 

d' un  facteur  10  . 

Prat i quement  il  ressort  de  cette  etude  les  idees  f ondamental es  suivantes  : 

-  pour  conaerver  un  RSB  >  1  avec  un  velocimAtre  a  frangea,  il  faut  que  le  facteur  K  aoi t 
inferieur  a  IQ3,  ce  qui  aignifie  que  le  trou  place  devant  le  phot  omul t i pi i cateur  ne 
doit  quasiment  pas  "voir"  les  images  dAfocalisAes  des  impacts  des  faiaceaux  laser  sur 
une  paroi.  C’est  ce  qui  explique  1'  i nef f icaci te  des  velocimetres  a  frangea  en 
retrodi ffusi on  axiale  et  la  limits  d1  approche  des  parois  en  retodi f f uai on  hors  de  1* axe, 
liee  A  la  gAometrie  (  Ami sa i on- r Ace pt ion)  de  l'appareil. 

Il  est  clair  qu’ une  optique  de  rAception  place©  a  90*  de  1’  axe  d’  emission  permet  une 
approch.e  de  paroi  a  quelqucs  dixiemes  de  mm,  mais  se  heurte  aux  problemes 
d' accessi  bi  li  t  A  optique  et  aux  problemes  lies  A  la  diffusion  de  Hie  qui  est  mimmale 
dans  cette  direction. 

-  le  velocimAtre  deux  points  a  un  RSB  de  7  dB  environ,  m@me  sur  la  paroi 

-  le  velocimAtre  deux  traits  permet  de  s'approcher  jusqu'  a  0,4  mm  (theonque),  0,7  mm 
(pratique)  d' une  paroi  :  un  RSB  superieur  A  1  est  obtenu  pour  K  <  13  %  Le  fait  de  se 
mettre  en  re t rodi ffusi on  hors  de  1* axe  avec  un  tel  velocimAtre  ameliore  le  RSB  jusqua 
une  distance  de  2,7  mm  environ  ;  ensuite  le  flux  parasite  sur  le  dAtecteur  redevient 
identique  a  celui  regu  en  r A trod i f f us i on  axiale 


Le  tableau  ci-dessous  resume  cette  etude  (d  :  distance  de  V  a  la  paroi) 


V A  loci  metre 
a  frangea 
retrodi f f uai on 
axiale 


VAlocimAtre 
a  frangaa 
retrodi f fusion 
hors  de  1*  axe 


VAlocimAtre 
deux  points 
retrodi ffusi  on 

axiale 


VAlocimAtre 
deux  traits 
r Atrodi ffusi on 

sxials 


VAlocimAtre 
deux  traits 
rAtrodi ffusi on 
hors  de  1*  axe 


Continental  res 


Ve loc i met  re 
trop  senai ble 
A  la  iumiere 
parasite 


Arne  1 1 orat l one 
possibles 

traitement  du  signal 
par  analyse  spectrale. 
plus  petit  volume 
da  meaure. 
particulea 
f luoreacentes 


Approche 

de  paroi  opt i male, 
maia  en  Acoulement 
1  ami nai  re 


Bon  compromie 
en  Acoulement  turbulent 
prAs  dea  parois,  maia 
pas  dans  laa  aonea  de 


AmAHoration  du  RSB 
juaqu'  A  2,  7  mm 
de  la  paroi 
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5  -  SYNTHESE  DES  CAPACITES  DBS  DIVERS  VELOCIMETRES  LASER 


Type  da  vAlocimAtre 

Comment ai rea 

Type  d* Acoulement 

VAlocimAtre 

A  frangaa 
claaaiquee 

1  D 

Meaure  d' 1  saule 
compoaante  ;  pluaieura 
composantes  meaurablea 
succeaai vement  ;  permet 
de  ae  familiariaer  avec 
la  technique 

Stationnaira 

V  approchA 
tangent i al lament 

A  quelquea 

1/10  da  mm 
d' una  paroi,  mais 
perpandiculai reman t 
entra  5  at  15  mm 

m 

2  composantes 
simultanAment  mesurees  : 
accAs  optique  par 
hublota  latAraux 

Turbulent 
Bidimensionnel 
(  mAme  problAme 
d’ approcha  de  paroi 
qua  1  D) 

■ 

3  composantes 
simultanAment 
mesurAes  ;  necessite 
larges  accAs 
optiquaa  pour  avoir 
une  bonne  precision 

Turbulent 

Tridi menai onnel 
Tenseur  da  Reynolds 
complet  meaurA 

VAlocimAtre 

A  frangaa 
spAci f i quaa 
pour  mesurea 
prAa  daa  paroia 

Particulea 
f luoraacantes 

1  aeule  compoaante 
meaurAe  ;  pluaieura 
composantes 
success l vement  : 
particulea  toxiques 
da  2  A  3  mi 

Turbulent 
pr As  daa  paroia 
gradients 

de  viteaee  faiblea 

Porte 

rAaoluti on 
apati ale 

1,  2  ou  3 

composantes  simultanAment 
mesureea.  AccAa  optique 
large 

Turbulent 
prAa  daa  paroia 
vi teases  peu  AlevAea 

(  <  A  100  m/  a) 

Trai tenant 
du  aignal 

par  analyse 

apactrala 

1,  2  ou  3 

composantes  mesurAea 
l ndApendamment  ;  done  pas 
accAa  au  tenseur  de 
Reynolds  complet. 

Evol ut i ontechnologi  qua 
pour  traitamant 
ai mul tanA 
daa  3  composantes 
d'  una  mAme  particule 
(  numAn aat i  on  daa  aignaux 
daa  PN) 

Turbulent 
prAa  daa  paroia 
Beaucoup  d'avenir 
dana  catta  mAthode 

VAlocimAtre 

2  points 

Hesures  bidimensionnellea  ; 
supposant  un 
anaamancamant  constant 

Lami nai ra 
(tu  (  10  A  15  1) 
MeaurAe  trAa  prAa 
daa  paroia, 
quand  il  y  a 
daa  particulea 

VAlocimAtre 

2  traita, 

2  croli 

Meaures  ID,  2D  ; 
vAlocimAtre  da  compromia 
antra  2  points 
at  frangaa  ; 

maquette  da  laboratoira 

Turbulent,  mais 
avac  xu  <  30  X 

d’  una  paroi  normale 
aux  faiacaaux  laser 

VAlocimAtre 

A  frangaa 
avac  fibres 
optiquaa 

Haauraa  ID  ; 

tachnologi a 
an  plaina 

A volution 

Turbulent 

Sonde  dana  1‘  Acoulement 

A  50  mm  environ 
du  poi nt  visA 

6  -  CONCLUSIONS 

La  vAlocimAtrie  lasar  A  frangaa  aat  apt*  A  mesurer  simultanAment  troia  composant aa 
du  vactaur  vitaaae  locala  at  inatantanAe,  ca  qui  par  mat  da  aondar  da  noaibraux 
Acoulement*  turbulanta  tridimenaionnela  avac  auccAa.  Laa  aaulaa  raatrictiona  A  aon 
domain*  d*  utiliaation  aont  la  dlfficuitA  d' accAa  optiqua  au  volume  da  aaaura  dana 
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certains  cas  ( sachant  qu‘  il  est  preferable  de  se  rapprocher  d'  une  configuration  ou  les 
trois  composantes  meaurAes  aont  ort hogonal es )  et  la  degradation  du  rapport  signal  sur 

bruit  pres  des  parois  (limits  d‘  approche  de  5  i  IS  mm  quand  les  faisceaux  laser  leur 

aont  perpendi culai res,  mais  quelques  dixi^mes  de  mm  quand  ils  leur  aont  paralleles) 

quelques  essaia  avec  un  volume  de  mesure  plus  petit  ou  des  particules  f 1 uoreacent ea 
s’ avArent  aati af ai aanta,  maia  non  valablea  en  toute  generality  ;  une  amelioration 

importante  doit  apparaltre  dans  un  proche  avenir  gr&ce  a  de  nouvelles  methodes  de 
traitement  du  signal  par  analyse  apectrale  des  signaux  issue  des  photomul t i pi i cateurs 
que  1'  on  numAn  se. 

Lea  velocimetrea  deux  points  aont  les  plus  performants  pres  des  parois.  ma i a  ils 
aont  limitAs  au  sondage  d '  Seoul  erne nt a  trAs  faiblement  turbulents. 

Le  vAlocimAtre  deux  traits  apparalt  comma  un  bon  compromia,  avec  une  approche  de 
paroi  limitAe  A  0,7  mm  et  la  possibility  de  mesurer  des  taux  de  turbulence  atteignant 

30  %  dans  dea  ecoulementa  oil  la  variation  angulaire  du  vecteur  vitesse  est  de  1'  ordre  de 

t  10*. 

11  faut  attacher  beaucoup  d'  importance  a  la  qualite  de  1'  ensemancement  de 
1* Acoulement,  car  catte  technique  optique  dite  "non  pert urbatrice"  repose  sur  la 
diffusion  de  la  lumiAre  par  dea  aerosols  qui  doivent  §tre  introduits  sans  perturber 
1’  Acoulement ,  done  suffisarnment  loin  en  amont  du  volume  de  mesure.  ou  parfois  m£me  en 
aval  de  la  veine  dans  une  soufflene  a  retour.  L'  utilisation  generalises  des  billes  de 
latex  call briea  submicroniques  est  hautement  recommandee  pour  1'  etude  des  ecoulements 
aerodynanu  quea  rapidea  k  temperature  ambiante. 

Cn  conclusion,  le  velocimetre  laser  idAal  et  universal  capable  d'effectuer  des 
meaurea  prAs  de  n’  imports  quelle  paroi,  dans  un  Acoulement  fortement  turbulent,  n  existe 
pas,  maia  nous  sommes  capables  mai ntenant  de  definir  les  principaux  caracterea  qu'  il 
devrait  respecter  : 

-  lunuire  laser  fortement  concentree  dans  le  volume  de  mesure.  ce  quv  augments  le 

-1/2  2 
rapport  signal  sur  bruit  avec  Sv  et  decroit  le  niveau  continu  au  moina  comme  Sv 

-  une  gAomAtne  de  volume  de  mesure  V  et  un  sysfcAme  de  traitement  de  signal  capables  de 
mesurer  .e  vecteur  vitesse  instantanie  d*  une  particule.  quelle  que  soit  3a  trajectoire 
dans  V  (comme  dans  lea  velocimitres  a  franges  30) 

-  axe  de  l’optique  de  reception  situA  en  dehors  de  1* axe  d‘  emission,  car  cette  gAometrie 
permet  de  minimiaer  le  paramAtre  K  (lumiere  parasite  re?ue  par  le 
photomul ti pi i cateur)  . 

Cette  Evolution  de  la  velocimetrie  laser  est  demandAe  par  de  nombreux  uti lisateus 
pour  aonder  dee  Acoulempnts  autout  de  maquettes  complexes  ou  dans  dea  regions  (entrees 
d'air  par  example)  ou  1‘accAs  optique  eat  tres  difficile,  dO  au  manque  de  hublota 

Ainsi  une  nouvelle  contrainte  pour  les  futura  vAlocimAtres  laser  sera  1’  utilisation 
de  fibres  optiquea,  tant  A  1‘  emission  qu*  A  la  reception,  en  vue  de  mimatunser  les 
Aqui pementa. 
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Figure  5 


Velocimetrie  tri dimensi onnel  de  1’ ONERA 


P 1 gur e 


D  :  systeme  de  division  de  faisceaux 
R  :  rail 

TA  :  telescope  Cassegrain  pour  les  composantes  verte  et  bleue 
TB  :  "  "  "la  composante  violette 

A  :  optique  emettrice  bi d i me nsi onnel le  (vert-bleu) 

B  ;  optique  emettrice  violette 


-  Determination  des  caracten st iques  de  la  direction  d'  un  faisceau  laser  avec 
un  theodolite  <  ON  :  vecteur  umtaire  parallele  au  faisceau  laser) 

Oy  :  axe  de  reference 

v  -  <  OD.  ON)  r  mesur6s  par  le  theodolite 
h  *  (  OD.  OB)  / 


Schemas  de  pnncipe  de  ve  l  oc  1  me  t  res  laser  utilisant  des  fibres  optiques 
L  laser 

D  division  de  faisceau 

FMq:  fibre  monomode  I conservant  la  polarisation) 

FMy:  fibre  multimode 

T  tube  sonde  (typiquement  20  mm  de  diametre  sur  100  m  de 
I  ong) 

FL  deux  faisceaux  laser  recombines,  decales  en  frequence  par  une  cell 
Bragg  et  de  polarisations  orthogonales 
PM  phot  omul 1 1 p 1 i c a t e ur 

V  volume  de  mesure 

d  distance  de  vise?  de  l’ordre  de  50  mm 


Figure  10 


Schema  de  principe  d  un  ve 1 oc i me  tre  deux  points 


Mj  :  miroirs 
P  :  prisme  dispers'd 
O,  :  objectif  de  microscope 
02 .  O  x  :  objectifs  de  600  mm  de  focale, 
ouverts  d  f/5 


11  b):  Deux  croix  Bleu  Vert 
Ecoulement 


Bleu  Vert 


Figure  11  -  Schema  du  velocimetre  laser  deux  traits  de  l'ONERA 

lla  deux  traits 
11b:  deux  croi x 


Evolution  du  signal  sur  bruit  <  RSB)  avec  la  distance  d  du  volume  d 
a  la  paroi 


Velocimetre  d  f ranges 
Velocimetre  2  points 

VAIocimfctre  2  traits  ( r£trodiffusion  axiale  I 
Velocimetre  2  traits  (  rttrodiffusion  hors  de  t’axe  ) 


P|  3w  pour  les  v^locim^tres  A  frenges 
P.  0,5w  dans  chaque  point  ou  cheque  trait 
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DISCUSSION 


AJStrazisar,  US 

Why  did  you  create  two  dashes  of  different  colours,  one  green  and  one  blue? 

Author’s  Reply 

At  first,  it  was  very  simple  to  achieve:  a  prism  disperses  the  wavelengths  to  create  spots  of  different  colours  and 
independently  inclined  plates  create  astigmatism.  Moreover  this  was  essentially  done  to  avoid  noise  cross  talk  between 
photodetectors  in  the  receiving  part.  But  this  cross  talk  is  only  important  at  a  large  distance  from  the  wall  (about  3  or  5 
mm)  when  the  green  and  blue  laser  beams  impacts  on  the  wall  begin  to  overlap. 

J.Fabri,  FR 

Each  type  of  LV  has  its  advantages  and  drawbacks;  there  is  not  a  well  defined  barrier  between  their  applicatioas 
domains.  I  want  to  emphasize  that  fact  that  wall  approach  limitations  are  different  if  the  laser  beams  are  parallel  or 
perpendicular  to  the  wall:  in  the  first  case  LDV  probe  volume  can  be  approached  within  0.5  mm  for  instance,  and  in  the 
second  case  L2F  must  absolutely  be  employed  for  the  same  approach.  The  L2F  is  not  able  to  perform  measurements  in 
highly  turbulent  flows,  i.e.  recirculation  zones  for  instance:  but  it  allows  the  determination  (even  between  rotor  blades) 
of  the  limits  of  such  types  of  flows;  very  often  it  is  enough  to  have  this  knowledge,  without  asking  for  a  detailed  survey  of 
the  flow  field  inside  this  turbulent  region  (where  calculation  models  do  not  exist).  This  type  of  information  enables  a 
better  understanding  of  the  flow  through  the  machine  and  does  not  require  further  detailed  measurements. 
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SOWARY 

This  paper  discusses  the  selection  and  application  of  laser  anenonetry  systems  to  the  particularly 
hostile  environment  found  in  ana  11  high  speed  rotating  turbomachines. 

There  are  several  different  laser  anemone  try  systems  which  are  used  in  turtwmachinery  studies  and 
jfhen  selecting  a  system  to  carry  out  specific  duties  it  is  necessary  to  have  some  prior  knowledge  of 
the  flows  to  be  measured,  the  special  resolution  required  and  any  limitations  on  optical  access. 
Tfifc  optical  access  will  often  determine  the  spatial  resolution  possible  and  the  quality  of  the 
scattered  signal  will  generally  determine  the  type  of  signal  processor  which  can  be  used. 

The  criteria  used  for  the  selection  of  systems  at  Cranfield  are  discussed.  The  arrangements  in  use 
include  both  the  Doppler  and  Transit  systems  each  of  which  are  found  to  have  unique  and  very 
distinct  advantages.  The  conclusions  of  the  paper  are  exemplified  by  measurements  of  the  flows 
within  small  high  speed  compressors.  v 

r 

1  Introduction 

aaall  turtxmachines  are  being  used  in  an  increasingly  wide  range  of  applications.  Small  industrial 
and  aerospace  compressors  handle  all  kinds  of  gases  and  rotate  at  up  to  200  000  rpm.  Of  particular 
interest  at  Cranfield  has  been  the  anall  centrifugal  catpressor  but  studies  on  various  axial 
machines  have  also  been  undertaken.  For  nearly  all  systems  using  these  compressor s  the  flow  range, 
efficiency  and  surge  characteristics  are  of  paramount  importance  and  the  requirement  exists  to 
improve  performance  and  obtain  a  better  understanding  of  the  flew  processes  involved.  There  are 
many  design  techniques  available  which  attenpt  to  achieve  an  analytic  definition  of  performance  but 
in  order  to  validate  these  models  it  is  necessary  to  be  able  to  measure  the  flow  through  actual 
machines. 

In  the  case  of  the  centrifugal  inpeller,  gas  is  accepted  in  an  axial  direction  and  expelled  at 
higher  temperature,  pressure  and  velocity  in  a  radial  direction.  There  are  many  conplex  fluid 
changes  taking  place  due  to  rotation,  curvature  and  diffusion  processes  within  the  inpeller.  These 
coaplex  and  Interactive  fluid  processes  produce  a  flow  through  the  impeller  and  diffuser  which  is 
maid istribu ted  and  time  dependent.  Although  the  flow  through  axial  machines  remain  in  essentially 
the  same  plane,  the  processes  in  other  respects  are  almost  as  conplex. 

The  flow  structures  involved  in  these  processes  place  high  physical  demands  on  any  instrumentation 
used  to  measure  the  parameters.  The  instrument  must  be  sufficiently  robust  to  withstand  the 
unsteady  aerodynamic  forces,  it  must  not  disturb  the  flow  and  (especially  for  the  smaller  units)  it 
nuat  have  good  spatial  resolution  and  fast  response.  Whereas  on  larger,  lower  speed  units  pressure 
peebes  and  hot  wire  anemometers  may  be  used,  these  instruments  become  unsatisfactory  in  small  high 
speed  machines  and  it  is  here  that  the  laser  anemometer  has  been  most  usefully  enploysd. 

This  paper  attempts  to  discuss  some  of  the  major  problems  encountered  during  such  laser  anemone  try 
studies  and  how  seme  of  these  problems  have  been  overcame.  The  paper  exemplifies  same  of  these 
problems  with  results  from  various  studies. 


There  are  several  commercially  available  laser  armme— try  systems.  These  are  Invariably  designed  as 
modular  systems  so  that  ansmometsrs  can  be  aeasebled  to  suit  specific  measurement  applications, 
ttmn  designing  a  system  it  is  necessary  to  have  some  prior  knowledge  of  the  flows  expected  and  also 
of  the  practical  limitations  on  optical  access. 


The  optical  access  will  generally  determine  the  optical  arrangement  of  the  anemometer.  If  only  one 
access  window  is  available  then  only  a  full  backscattsr  system  mist  be  used  and  if  good  spatial 
resolution  is  required  then  a  Transit  an  mew  ter  (Schodl  (1),  Brown  and  Pike  (2))  would  normally  be 
chosen  in  preference  to  a  Doppler  system.  If  two  access  windows  are  available,  however,  then  an 
oblique  scatter  Doppler  anemometer,  (IDA)  system  can  overccam  the  resolution  problem,  (Elder 
Forster,  GillO)). 


The  quality  of  the  scattered  signal  will  generally  determine  the  processing  system  used.  The  choice 
of  signal  processor  involves  a  c onpremise  between  the  ability  to  operate  in  a  harsh  signal-bo-noise 
environment  and  the  speed  at  which  measurements  may  be  taken.  Cranfield's  choice  of  processor,  a 
correlator  (Abbiss,  Chubb  and  Pike(4 ) ) ,  favoured  a  system  with  a  very  good  ability  to  operate  with 
poor  signals.  The  rocessor  is  generally  connected  to  a  conputer  few  on-line  data  reduction  or 
storage. 

Design  of  Current  Laser  Anemometer  Systems 

Turbcmachinery  studies  at  Cranfield  have  involved  two  main  types  of  flow.  The  first  has  involved 
radial  flews  (ie  the  flew  exiting  from  a  centrifugal  tnpeller)  and  for  these  studies  it  has  been 
possible  to  incorporate  two  optical  access  windows  in  the  available  hardware.  For  these  studies 
therefore,  it  was  decided  to  use  a  single  axis  LDA  system  working  in  oblique  forward  scatter,  Figure 
1.  The  exit  channel  dimensions  of  7ram  wide  were  typical  and  problems  were  expected  with  high 
background  flare  levels  due  to  the  proximity  of  the  wall  to  the  measurement  volume.  Thus 
correlation  was  chosen  as  a  signal  processing  system  trusting  this  to  be  the  more  certain,  albeit 
slower,  processing  technique.  A  35ffiW  HeNe  laser  and  beamsplitter  were  mounted  in  a  rotation  cradle 
to  allow  two  components  of  the  flew  velocity  to  be  measured.  These  ccnponents  were  arranged  so  that 
any  small  radial  inflow  on  the  inpeller  could  be  measured.  No  large  flow  reversals  were  expected 
and  frequency  shifting  was  not  used.  Since  a  blade  to  blade  flow  profile  was  required  the 
correlator  was  strobed  so  that  each  measurement  took  data  from  a  similar  small  time  slot  between 
each  blade.  The  correlation  data  is  passed  to  a  DBC  PDP11  computer  for  storage  and  is  processed 
later  using  a  program  based  on  the  work  of  Abbiss  (5)  and  Sharpe  (6).  This  system  has  been  used 
extensively  to  take  measurements  on  a  more  or  less  routine  basis  on  a  variety  of  different 
compressor  configurations. 

The  second  major  field  of  study  has  concerned  annular  flows  (ie  axial  ccnpressor  flows  and  flows 
within  the  inducer  of  centrifugal  compressors).  In  these  studies  it  is  generally  only  possible  to 
have  a  single  access  windew  and  a  full  backseat  ter  anencmeter,  the  Malvern  Instruments  4772  Transit 
Anemometer,  has  been  used  (Brcwn  and  Pike  (2)),  Figure  2.  The  photonultiplier  output  was  connected 
to  a  correlator  and  the  results  processed  on  line  by  a  PDP11  using  a  program  based  on  the  work  of 
Roes  (7).  Strobing  was  necessary  for  these  measurements  and  working  in  the  blade  row  caused  no 
special  problems  although  the  blade  shadow  prevented  measurements  in  some  areas.  To  provide 
sufficient  particles  for  scattering,  0.5  micron  diameter  seed  particles  (corn  oil)  were  introduced 
into  the  flow. 

3  Analysis  Techniques 

The  output  fran  the  photonultiplier  tube  consists  of  a'  series  of  digital  pulses  or  an  analogue 
voltage  corresponding  to  the  arrival  of  scattered  light  on  its  receiver.  Processing  of  these  pulses 
is  carried  exit  by  a  correlator,  the  correlation  technique  being  very  effective  at  extracting  the 
required  signal  from  the  noise  present  in  the  photonultiplier  output.  The  purpose  of  the  data 
analysis  technique  to  be  applied  to  the  correlation  function,  is  to  extract  fran  it  information 
about  the  particles  that  gave  rise  to  it;  usually  their  mean  velocity,  and  the  spread  of  velocities, 
or  the  turbulence  of  the  flow. 

The  methods  of  data  analysis  are  c^iite  different  for  the  two  arrangements  of  anemometer,  Doppler  and 
Transit,  but  the  purpose  of  each  is  usually  to  determine  (from  the  correlation  function)  the 
velocity  probability  density  function  of  the  particles,  from  which  the  mean  flow  velocity  and 
turbulence  intensity  can  be  derived.  One  major  difference  between  the  two  anemometer  arrangements 
is  that  the  Doppler  anemometer  measures  a  component  of  the  flow  velocity  in  the  plane  of  the  two 
beams,  and  normal  to  the  axis  of  the  anemometer,  and  it  is  usual  to  obtain  a  second  component  by 
rotation  of  the  plane  of  the  beams  in  order  to  define  the  flow  vector.  Optinum  accuracy  of  the 
velocity  measurements  can  be  obtained  by  careful  selection  of  the  velocity  components  to  be 
measured.  The  Transit  anemometer,  however,  measures  the  magnitude  of  the  velocity  of  a  particle 
travelling  in  the  plane  of  the  two  beams.  To  define  the  velocity  vector  for  the  Transit 
arrangement,  the  plane  of  the  two  beams  is  rotated  until  it  is  aligned  with  the  mean  flow  direction, 
a  condition  that  can  be  identified  by  a  cocrelogram  having  the  naxiiwm  peak  height  to  base  line 
ratio,  kxjt  which  is  also  calculated  more  accurately  by  the  analysis  to  be  described  below. 

3.1  Transit  Anemometry  Data  Analysis 

The  data  analysis  technic^)©  enplcyed  when  taking  measuremnts  with  the  Transit  anemometer  is  based  on 
the  theory  of  Rdss  ( 7 ) .  it  is  essential  to  carry  out  this  analysis  on-line  to  ensure  that  the  mean 
flow  direction  has  in  fact  been  defined.  As  the  plane  of  the  two  beams  is  rotated,  the  shape  of  the 
correlation  function  changes,  figure  3.  Where  the  plane  of  the  beams  is  out  of  alignment  with  the 
mean  flew,  the  correlogram  will  have  a  small  peak,  on  a  high  baseline  level  (caused  by  particles 
passing  through  only  one  beam).  As  the  plane  becomes  aligned,  (figure  3  again)  the  peak  height 
increases,  while  the  baseline  level  decreases. 


The  Rass  analysis  relies  on  assuming  a  Gaussian  model  for  the  flow  turbulence,  fran  which  it  is 
possible  to  derive  an  expression  describing  the  correlation  function,  G(T,a),  at  a  given  orientation 
a-  If  the  expression  for  G(x,a)  is  integrated  overt  ,  an  expression  for  the  integrated  counts,  or 
area  under  the  cocrelogram  peak  is  obtained  which  depends  only  on  the  orientation  a  ,  and  the  mean 
flow  orientationc^. 

The  technics  proceeds  by  taking  coc  re  log  rams  at  different  angles  and  calculating  the  integrated 
counts  for  each  cocrelogram,  figure  3.  This  enables  the  moan  flow  direction  to  be  calculated. 
Taking  the  correlation  function  at  the  orientation  closest  to  the  mean  flow  angle,  the  mean  flow 
velocity  and  turbulence  intensity  can  be  calculated  from  the  knowledge  of  the  form  of  G(  tki  )  •  The 
details  of  the  analysis  are  described  in  Roes  (7),  and  Elder,  Forster  &  Gill  (3,8). 
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3.2  Doppler  Anemone  try  Data  Analysis 

Several  techniques  are  available  for  the  analysis  of  the  correlation  functions  arising  from  a 
Doppler  anemarotry  experiment,  Brawn  &  Gill  (9).  It  has  been  found,  however,  that  in  the  generally 
noisy  data  obtained  when  taking  measurements  in  turbcmachines,  the  Fourier  transform  analysis  of 
Abbiss  (5)  is  the  most  reliable.  The  analysis  again  relies  on  deriving  an  analytical  expression  for 
the  correlation  function,  in  teems  of  the  velocity  components  of  the  flow.  The  Fourier  transform 
technique  takes  advantage  of  the  fact  that  the  Fourier  transform  of  an  autocorrelation  function 
yields  the  power  spectral  density  of  the  flow,  which  in  turn  is  related  to  the  velocity  probability 
distribution.  The  analysis  is  carpi ica ted  by  the  fact  that,  superimposed  on  the  oscillatory 
correlation  function,  the  frequency  of  which  relates  to  the  frecjjency  of  particles  passing  through 
the  fringe  pattern,  is  a  decaying  baseline,  figure  4,  the  shape  of  which  is  due  to  the  Gaussian 
intensity  distribution  across  the  laser  beams.  Removal  of  the  baseline  can  result  in  problems  in 
'blowing-up'  any  noise  present  in  the  correlogram,  and  can  cause  accuracy  problems,  especially  in 
the  turbulence  intensity  calculation,  The  analysis  technique,  therefore,  consists  of  the  following 
steps.  A  first  approximation  for  the  mean  flow  velocity  can  be  made  by  assuming  a  linear  base  line. 
Using  this  approximation,  the  exact  form  of  the  Gaussian  b  else  line  can  be  derived,  and  removed  fran 
the  correlation  function,  taking  care  that  no  amplification  of  unrealistic  noise  signals  takes 
place.  Fourier  transform  of  the  modified  function  now  yields  the  velocity  probability  density 
function  of  the  flow,  from  which  the  mean  velocity  and  turbulence  intensity  values  can  be 
calculated. 

4  A  study  of  Impeller  Outlet  and  Veined  Diffuser  Inlet  Flows 

It  has  become  reasonably  well  appreciated  that  the  flow  within  a  centrifugal  inpeller  can  separate 
providing  a  very  distorted  flow  at  the  inpeller  outlet  with  regions  of  attached  and  separated  flow. 
The  purpose  of  this  investigation  was  to  determine  the  nature,  if  any,  of  the  aerodynamic  coupling 
between  the  inpeller  and  downstream  vaned  diffuser. 

It  is  inportant  to  emphasise  that  the  results  shewn  here  are  representative  only  and  that  the  scope 
of  the  study  was  extensive  involving  more  than  one  inpeller  and  several  diffuser  arrangements. 

The  experimental  arrangement  was  generally  as  illustrated  in  figure  1  and  the  oblique  forward 
scatter  LDA  system  described  previously  was  used  with  a  twin  window  arrangement. 

The  ccrpressor  casing  was  modified  to  allow  different  diffuser  inserts  to  be  used  far  a  vaneless  and 
vaned  builds.  Instrumentation  was  available  to  allow  standard  performance  mapping  of  the  catpressor 
and  these  results  were  displayed  on-line  using  a  microcomputer.  The  controls  for  the  rig  and  most 
of  the  instrumentation  were  housed  in  a  control  roam  next  to  the  test  house  for  both  safety  and 
canfort  of  operation. 

The  measurements  were  taken  on  a  100mm  diameter  inpeller  of  backswept  blade  design.  Speed  of 
rotation  was  75  OOOrpra  and  measurements  were  taken  at  various  stations. 

Typical  laser  anemometer  results  for  the  vaneless  diffuser  build  are  shown  in  figure  5.  These 
indicate  that  the  flow  through  the  inpeller  is  very  conplex  and  it  may  be  expected  that  there  are 
several  different  mechanisms  at  work  to  account  for  the  flews  observed  at  the  tip.  Such  results  ace 
extremely  interesting  and  will  be  discussed  elsewhere. 

The  radial  velocity  profiles  for  both  the  choke  and  surge  flews  are  shewn  in  Figure  5.  At  choke 
flow  there  is  a  wake  extending  almost  all  along  the  shroud  surface  whereas  towards  surge  the  wake  is 
more  limited  in  extent  but  deeper  in  the  blade  passage  and  situated  in  the  shroud/suction  surface 
corner. 

Figure  6  shows  typical  measurement  stations  in  the  vaneless  and  serai-vaneless  space  of  the  vaned 
diffuser  builds.  Results  for  two  instances  (positions  of  the  inpeller)  are  shown.  The  flow  is 
clearly  unsteady  with  transient  flew  at  the  diffuser  inlet  and  flow  switching  occurring  in  the 
semi  vane less  space  as  the  rotor  blade  passes.  The  quantitative  effects  of  such  flows  are  not 
usually  accomodated  in  diffuser  design  and  it  is  difficult  to  believe  that  a  better  understanding 
and  control  of  this  process  would  not  yield  worthwhile  benefits.  The  unsteadiness  of  the  flow  field 
is  further  enphasised  in  figure  7  where  flow  angle  variation  at  various  points  on  the  pitch  diameter 
of  the  diffueer  vane  leading  edge  show  angular  fluctuations  of  nearly  20°.  If  any  further  evidence 
of  the  presence  of  unsteady  flows  is  required  these  are  demonstrated  in  figure  8  which  shows  the 
average  velocity  at  the  diffuser  inlet  throat.  The  above  results  are  for  a  vaned  diffuser 
arrangement  in  which  the  vane  leading  edge  was  at  a  radius  ratio  of  1.075  and  had  22  vanes. 

It  is  also  noteworthy  that  in  addition  to  the  unsteady  flow  effects  there  are  sizeable  differences 
in  the  average  flow  angle  across  the  passage  (across  the  diffuser  vane  height)  for  which  no  account 
is  normally  made  in  the  design  process. 

5  A  Study  of  Stator  Outlet  Flew  in  a  Small  Transonic  Fan 

As  for  a  centrifugal  canpressor,  the  flow  in  an  axial  machine  operating  under  reasonable  stage 
loadings  and  realistic  tip  clearances  is  exceedingly  ccnplex  and  this  study  involved  an  assessment 
of  the  flow  conditions  at  the  stator  exit  of  a  catpressor  stage.  In  this  arrangement  the  blade 
height  was  25ran  and  the  rotational  speed  70  OOOrpnt.  Figure  9  shows  the  experimental  arrangement 
»'*h  a  single  access  window.  In  this  case  the  Transit  Anemometer  described  in  Section  2  was  used. 
Although  mea^rements  wore  made  downstream  of  a  stationary  blade  row,  the  results  were  strobed  at 
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rotor  blade  passing  frequency  in  order  to  ascertain  the  rotor  unsteadiness  transnit  ted  through  the 
stator.  Indeed  the  degree  of  unsteadiness  transnitted  was  surprisingly  large.  Figure  10  shows 
typical  results  foe  design  flow  conditions.  They  show  considerable  distortion  and  of  particular 
interest  is  the  low  velocity  region  near  the  stator  suction  surface/hub  corner  providing  evidence  of 
stall  in  this  region.  Similar  problems  have  been  reported  in  low  speed  compressor  studies,  Joslyn 
and  ftrirg  (10)  which  prcbably  arise  due  to  excessive  diffusion  in  the  stator  tip  section  and  the 
clearance  flow. 

6  problems 

Processor  speed  -  In  Doppler  systems  the  speed  of  the  processor  limits  the  nunber  of  fringes  in  the 
control  volume.  Elder  (11),  and  although  analysis  is  possible  (using  the  correlator)  with  only  three 
fringes,  the  analysis  is  mere  accurate  and  the  turbulence  intensity  more  easily  defined  if  10-20 
fringes  are  used.  This  is  not  such  a  problem  with  counters  and  trackers  (which  generally  have  a 
higher  frequency  capability  but  these  tend  to  increase  other  problems  particularly  where  the  signal 
is  very  noisy).  Transit  aneracroeters  have  less  exacting  processing  requirements  because  the  spot 
spacing  is  approximately  ten  times  larger  than  the  fringe  spacing. 

Seeding  -  Although  there  is  a  cannon  requirement  to  operate  with  only  natural  seeding,  almost 
inevitably,  additional  r<eed*ha&  to  be  added.  For  the  studies  described  in  this  paper  great  care  has 
to  be  taken  to  ensure  that  seed  particles  are  around  0.5  micron  diameter.  Elder  (11). 

For  conpressor  studies  where  the  flows  are  usually  at  a  temperature  of  less  than  200°C  liquid 
droplet  seeding  appears  to  be  satisfactory  although  great  care  has  to  be  taken  when  injecting  the 
droplets  into  the  flow  to  avoid  coalescing  (the  presence  of  large  particles  in  rotating  blade 
passages  becomes  inroad i a tely  apparent  because  they  tend  to  hit  the  blade  surface  and  be  centrifuged 
onto  the  optical  access  windows).  For  turbine  studies,  due  to  the  higher  operating  tenperatures  it 
has  been  necessary  to  adopt  solid  particles  (usually  titanium  dioxide  although  other  substances  have 
been  tried).  The  problem  with  small  solid  particles  is  that,  although  they  may  fundamentally  of  a 
suitable  size  (typically  0.2  m)  the  particles  tend  to  coagulate.  The  problem  is  made  worse  because 
titanium  dioxide  is  naturally  hygroscopic.  Indeed  these  problems  may  have  becane  insuperable  if  the 
plastic  industry  did  not  require  titanium  dioxide  particles  (of  a  suitable  diameter ) treated  in  a 
manner  preventing  the  hygroscopic  nature  and  therefore  the  tendancy  to  coagulate. 

Window  Fouling  -  This  a  repeating  problem  and  unless  windows  can  be  kept  reasonably  clean  for  a 
period  of  approximately  40  minutes,  measurements  beccroe  increasingly  tedious.  In-situ  window 
washing  arrangements  have  been  used  in  the  past  but  their  general  use  has  been  avoided  because  it 
has  usually  proven  possible  to  keep  windows  clean  for  longer  than  the  40  minute  period.  Instead  of 
these  in-situ  cleaning  arrangements,  care  has  always  been  taken  to  ensure  the  easy  removal  of 
windows  for  cleaning.  Excessive  window  fouling  has  often  been  found  to  be  due  to  the  excessive  size 
of  oil  seeding  particles. 

Difficulties  have  also  been  found  with  the  use  of  anti-reflection  coatings  on  windows  because  when 
they  are  placed  in  harsh  environments  the  coatings  become  damaged  by  particles  in  the  flow  and  the 
damaged  coatings  give  more  problems  than  uncoated  surfaces. 

Difficult  problems  have  also  required  drastic  and  novel  remeaies.  in  sane  cases  where  windows  were 
observed  to  suffer  from  the  spluttering  of  oil  particles  on  the  surface  which  destroyed  the 
wavefronts  of  the  input  laser  beans  it  was  found  beneficial  to  thinly  coat  the  surface  with  oil 
before  mounting  the  window  in  the  rig,  figure  11.  Window  surfaces  ’treated'  in  such  a  manner 
tended  to  reduce  the  'spluttering'  problem  by  dissipating  the  oil  globules. 

There  are  significant  inprovements  to  be  achieved  by  using  a  window  arrangment  where  the  window  is 
not  flush  with  the  flow  but  displaced  with  a  small  apperture,  typically  lnm,  opening  onto  the  flow 
as  shown  in  figure  12.  The  limit  here  is  the  acceptability  of  the  small  apperture  but  the  method 
has  proven  useful  for  the  input  of  Doppler  input  beam  pairs  which  can  often  comfortably  be 
accomodated  within  Iran. 

Signal  Strength  -  Throughout  most  turbcmachinery  studies  in  which  laser  anemcroetry  is  used,  great 
emphasis  is  put  on  methods  in  which  signal  strength  can  be  inproued  relative  to  background  noise. 
Methods  of  inproving  signal  strength  include  using  larger  seed  particles,  more  laser  power  (or  more 
appropriate  frequencies  for  cptinum  PKT  response)  and  fluoresence.  Unfortunately  these  techniques 
(and  others  which  have  been  considered)  suffer  severe  problems.  For  example x 

a)  Increased  laser  power  -  tests  undertaken  suggest  that  using  more 
powerful  (and  expensive)  lasers  tend  to  generate  almost  equal 
increases  in  signal  and  noise  such  that  the  ratio  of  signal  to 
noise  is  not  noticeably  inproved.  (It  usually  appears  tha-  it  is 
the  low  ratio  of  signal  to  noise  that  creates  processing  problems 
rather  than  the  lack  of  signal ) . 

b)  Larger  seed  particles  -  undoubtably  this  makes  measurements 
easier  (due  to  their  increased  scattering  capability)  but  if  this 
requires  particles  greater  in  diameter  than  0.5  m  this  inevitably 
infers  that  flow  tracking  problems  emerge  in  regions  of  rapidly 
accelerating  flow. 
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c)  Fluor® scent  particles  (which  have  the  capability  of  differencing 
the  noise  and  signal  frequency  such  that  the  signals  can  be 
preferentially  selected  by  the  use  of  narrow  band  filters)  - 
again  a  useful  idea  but  the  size  of  the  fluorescent  particle  is  a 
problem,  also  the  advantages  of  the  technique  are  overcome  as 
surfaces  become  coated.  A  derivative  of  this  technique  involves 
coating  surfaces  ftcm  '■rtvich  flare  emerges  with  fluorescent 
Material*  Again  the  purpose  is  to  difference  the  flare  (noise) 
and  signal  frequencies  but  this  has  been  found  to  be  generally 
unsatisfactory  because  better  results  can  usually  be  obtained 
with  a  black  surface  (matt  black  or  gloss  black). 

Particle  Bunching  -  Bunching  of  seed  particles  can  occur  due  to  various  factors  and  need  not 
necessarily  infer  that,  at  the  place  of  measurement,  the  particles  do  not  follow  the  flow.  For 
example  if  seed  particles  are  injected  locally  into  the  upstream  flow  of  an  impeller  only  a 
comparatively  few  of  the  particles  may  penetrate  the  wake  flow  where  measurements  are  being  taken. 
This  can  cause  scattered  light  intensity  which  varies  with  blade  passing  frequency.  This  periodic 
variation  in  light  intensity  can  be  detected  through  the  correlator  (which  after  all  is  used  because 
of  its  inherent  sensitivity  to  embedded  frequencies).  The  tendency  is  for  the  correlation  function 
due  to  this  phenomena  to  beccme  superimposed  on  that  due  to  the  required  signal.  Brown,  Forster  and 
Gill  (12).  This  can  occur  for  either  Doppler  or  Transit  systems  and  its  existerv  e  tends  to 
complicate  the  'baseline'  of  the  correlation  function.  To  overcome  this  the  analysis  techniques 
have  to  be  modified.  These  procedures  generally  introduce  some  doubt  in  the  accuracy  of 
measurements,  particularly  the  definition  of  turbulence  intensity  (and  especially  for  the  Transit 
system  in  highly  turbulent  regions). 

7  Accuracy  and  Validation 

In  all  studies  great  effort  is  undertaken  to  ensure,  as  far  as  possible,  that  results  presented  are 
valid.  This  canmonly  involves  three  separate  undertakings: 

a)  Repeatability  -  It  should  be  possible  to  repeat  results  to 
within  reasonably  close  tolerances  (usually  1%). 

b)  Local  Conservation  of  Physical  Parameters  (usually  mass  and 
momentum)  -  This  involves  repeating  measurements  in  adjacent 
planes  and  canparing  results  for  the  conservation  of  mass  and 
angular  momentum.  Typical  results  are  shown  in  figure  13  (note 
that  the  parameters  shown  are  only  constant  if  density  is 
uniform) . 

c)  freemen t  with  Bulk  Parameters  -  It  should  be  possible  lo  detine 
(reasonably  accurately)  such  parameters  as  overall  mass  flow  and 
work  input  across  a  rotor  (using  the  Euler  relation).  Typical 
results  are  shown  in  figure  14.  It  should  be  noted  that  the 
mass  flew  check  can  be  difficult  to  satisfy  to  even  a  comforting 
level  because  of  uncertainties  in  the  local  density 
(particularly  in  high  speed  machines)  and  also  that  local 
paraaeters  may  differ  fran  bulk  factors  where  flew  distortion  is 
present  (for  exanple  due  to  the  collector  system). 

It  is  considered  that  such  checks  are  a  inportant  undertaking  in  laser  anemone  ter  studies  providing 
confidence  to  both  the  measurement  engineer  and  aerodynamic i at. 

8  Conclusions 


This  paper  has  described  sane  of  the  approaches  and  problems  encountered  during  studies  in  high 
speed  compressor  studies  in  which  laser  anemone  try  has  been  used. 

The  paper  also  describes  studies  undertaken  to  exmnine  the  flow  in  both  centrifugal  and  axial  flow 
compressors .  These  studies  have  shown  that  the  i npe Her  outlet  flow  and  stator  outlet  flows  are 
very  distorted. 

In  conclusion,  it  is  worth  cementing  that,  despite  the  high  speed  flows  involved  in  these  and 
similar  high  speed  ccapressor  stuides,  the  laser  anemometer  can  be  applied  and  has  provided  useful 
results. 
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FIG.  3  SUMMARY  OF  TRANSIT  ANEMOMETER  ANALYSIS  PROCESS 


FIG.  A  SUMMARY  OF  DOPPLER  ANEMOMETER  ANALYSIS  PROCESS 
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FIG.  5  RADIAL  VELOCITY 
PROFILES  AT  IMPELLER 
EXIT  IN  VANELESS 
DIFFUSER 
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FIG.  6  TYPICAL  RESULTS  FROM  THE  DIFFUSER 
A  CENTRIFUGAL  COMPRESSOR 
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FIG.  7  FLOW  DIRECTION  AT  VARIOUS  POSITIONS  IN 
THE  SEMI-VANELESS  SPACE 
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FIG.  8  VARIATION  OF  THROAT  VELOCITY  WITH  ROTATION 
OF  THE  IMPELLER  (VARIATION  FOR  ONE  BLADE 
AND  ONE  SPLITTER  PASSAGE  SHOWN) 
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FIG  9  GENERAL  ARRANGEMENT  FOR  THE  SMALL  AXIAL  FLOW 
COMPRESSOR  STUDY 


FIG  10  TYPICAL  RESULTS  SHOWING  THE  INSTANTANEOUS 
FLOW  DOWNSTREAM  OF  THE  STATOR 
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FIG.  11  IMPROVEMENT  TO  TRANSMISSION  QUALITY 
USING  OIL  FILM 


FIG.  12  SIMPLE  ARRANGEMENT  FOR  A  WINDOW  WITH 
SMALL  APERTURE  AND  CAVITY 


FIG.  13  CONTINUITY  CHECKS  ON  LA.  DATA 
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DISCUSSION 


A.Boutler,  FR 

First  a  comment:  at  ONERA  we  found  an  oil  (Rhodorsil)  which  allows  measurements  with  a  L2F  until  700  K. 

Secondly,  I  want  to  mention  works  done  on  data  processing  of  the  autocorrelation  function  by  Dr  Slaas  (Philips 
Research  Lab.)  and  Dr  Tiemersma  —  Thoone  in  Netherlands:  they  tend  to  point  out  that  the  best  way  is  to  use  a  linear 
transform  to  obtain  (G,  i T2)  instead  of  Fourier  or  cosine  Fourier  transform,  especially  for  turbulence  rates  not  too  low 
(cf.  Proceedings  of  ASME  Meeting  in  Miami,  November  1985  and  LDA  Symposium  in  Manchester,  December  1985). 
What  is  your  opinion? 

Author's  Reply 

The  temperature  limits  for  seeding  presented  in  our  paper  are  only  intended  to  be  indicative  of  those  for  materials  we 
have  used.  They  are  not  absolute  limits  and  the  substance  you  have  mentioned  will  add  a  useful  extension  to  the 
temperature  range  for  liquid  seed,  although  not  satisfying  our  current  temperature  requirements. 

Referring  to  your  question  about  data  analysis  techniques,  although  we  have  no  direct  experience  of  the  technique  you 
refer  to,  we  have  undertaken  quite  detailed  comparisons  of  correlator  data  reduction  techniques  (reference  9  of  our 
paper)  and  these  have  demonstrated  the  ability  of  cosine  transform  techniques  to  extract  the  required  information  from 
the  correlation  function.  These  techniques,  however,  are  computationally  cumbersome  and  in  low  noise  situations  there 
are  several  other  equally  adequate  and  simpler  techniques. 


A.Ederhof,  Switzerland 

There  are  discrepancies  in  locally  measured  and  integrated  and  overall  data  in  mass  flow  (about  10%)  and  work.  Do 
you  think  these  deviations  are  caused  by  LA  inaccuracies  or  mainly  by  integrating  locally  achieved  data  and  comparing 
them  with  bulk  data? 

A.Melling,  UK 

The  checks  on  mass  flow  and  work  done  indicated  on  figure  1 4  are  difficult  to  perform  because  of  uncertainty  in  the 
determination  of  local  density  and  possible  deviation  from  axisymmetry  of  the  flow. 

In  addition,  it  is  not  dear  a  priori  that  the  prtxiuct  (mean  density )  X  (mean  velocity)  is  the  same  as  the  mean  of  (density) 
X  (velocity).  In  my  experience,  the  mean  flow  found  by  integrating  the  velocity  profile  from  laser  anemometer 
measurements  is  invariably  higher  than  that  found  from,  say.  a  nozzle  flowmeter,  as  your  results  also  show.  A  systematic 
discrepancy  arising  from  particle  lag  would  require  that  the  work  done  factor  be  lower  than  that  deduced  from  the 
enthalpy  rise  of  the  fluid,  although  this  is  not  consistent  with  figure  1 4b.  Would  you  be  able  to  comment  whether  the 
deviations  are  systematic  or  random? 

Author's  Reply 

You  are  of  course  correct  in  suggesting  the  difficulties  associated  with  simple  minded  averaging;  however,  such  checks 
remain  an  essential  confidence  building  feature,  not  to  be  dismissed  lightly,  although  comparisons  should  be  qualified. 

The  largest  areas  of  uncertainties  appear  to  be  associated  with  the  averaging  process  which  is  based  on  inadequate 
numbers  of  data  points  and  inadequate  knowledge  of  the  density  field.  Another  problem  is  the  possibility  of 
circumferential  distortion.  Bearing  in  mind  these  uncertainties,  the  agreement  shown  (on  average  much  less  than  Dr 
Ederhof  suggests)  was  considered  to  be  realistic.  There  appears  to  be  little  reason  to  attribute  any  disagreement  to  the 
basic  accuracy  of  the  laser  anemometer. 

The  disagreement  observed  was  not  attributed  to  systematic  errors  because,  considering  both  these  and  other  results,  I 
find  no  systematic  trend  and  all  discrepancies  are  within  the  uncertainties  described  above.  Maybe  the  problems  you 
refer  to  can  less  easily  be  dismissed  during  studies  on  larger  machines  where  more  detailed  flow  mapping  is  possible.  I 
would  also  add  that  the  photon  correlation  process  (used  here)  is  less  susceptible  to  biasing  results  to  larger  seed 
particles  than  other  systems  where  some  analog  threshold  is  used. 


J.Fabri,  FR 

I  would  make  a  comment  on  this  discussion,  I  think  it  is  better  to  make  a  check  even  if  it  is  not  perfectly  correct  than  not 
to  make  any  checking. 

A.S.Nejad,  US 

We  worked  in  a  compressible  highly  turbulent  flow  (hundred  feet/s).  The  mass  flow  deduced  from  LV  velocity 
measurements  is  always  higher  than  the  measured  mass  flow.  The  local  mean  velocity  value  is  always  higher  than 
expected  due  to  the  higher  probability  for  measuring  high  velocities  and  to  the  coincidence  bias  when  using  2D  LV;  this 
induces  also  incorrect  measurements  of  the  turbulence  intensity. 

When  you  try  to  make  velocity  measurements  very  correlated  on  two  components,  you  introduce  a  very  small  window 
(i.e.  10  to  20  ps)  and  you  systematically  record  only  the  very  fast  particles  that  meet  your  criterion  of  small  window.  So 
your  local  is  always  higher  than  the  true  velocity.  Many  methods  of  velocity  weighting  may  be  used;  high  data  rates  are 
necessary.  All  these  problems  are  not  easily  solved. 


AJIoutier,  FR 

I  do  not  want  to  initiate  a  debate  on  velocity  bias,  because  it  will  last  all  the  day;  but  1  want  to  make  some  comments. 
Importance  of  velocity  bias  can  only  be  shown  at  high  values  of  the  turbulence  rale,  not  at  low  values.  The  criterion  of 
MacLaughlin-Tiederman  which  says  that  you  measure  more  higher  velocities  than  lower  velocities  is  completely  false: 
in  practical  cases  you  must  not  apply  this  correction.  You  have  to  verify  the  physics  of  your  flow,  i.c.  to  calculate  the 
correlation  coefficient  between  the  data  rate  and  the  velocity. 

There  is  no  significant  velocity  bias  in  the  low  turbulent  flows  described  in  the  paper. 


LASER  VELOCIMETRY  STUDY  OF  STATOR/ROTOR  INTERACTIONS 
IN  A  MULTI-STAGE  GAS  TURBINE  COMPRESSOR 


M.  Carlson  Williams 
United  Technologies/Pratt  &  Whitney 
400  Main  Street 
East  Hartford,  CT  06108 


Summary 

The  measurement  of  airflow  through  multi-stage  compressor  rigs  has  generally  been 
limited  to  ^he  use  of  flow  perturbing  pressure  and  temperature  probes . —  Alt hough 
limited  studies  of^the  dynamics  of  these  flows  have  been  obtained  with  hot  wire  and 
hot  film  probes,  -'the  advent  of  the  laser  doppler  velocimeter  with  its  non¬ 
perturbing  nature ''is  expected  to  develop  into  the  preferred  instrumental  method.  * 

*  *  r>  . 

—  7b  ^assess  the  feasibility  of *utilizing>an  LDV  in  these  f low  Bj  an  -exploratory  program 
sponsored  under  the  NASA  Energy  Efficient  Engine  Contract,  NAS  220646,  was  recently 
undertaken  at  Pratt  &  Whitney.  A  multi-stage  compressor  rig, -the  Energy  Efficient 
Engine  high  pressure  compressor  consisting  of  6th  through  15th  compressor  stages,  was 
outfitted  with  windows  between  the  6th  stator-7th  rotor,  9th  stator-lOth  rotor,  and 
13th  stator-14th  rotor.  The  windows,  extending  circumferentially  one  stator  gap 
wide,  permitted  hub  to  tip  traversing  midway  between  the  stator  trailing  edge  and  the 
rotor  leading  edge  both  in  and  out  of  the  stator  wakes.  A  confocal  two  color, 
two  component  back  scatter  LDV  system  developed  for  use  in  gas  turbine 
environs  was  employed  to  obtain  detailed  mappings  of  velocity  magnitude  and 
air  angle  as  a  function  of  rotor  position  (^1000  angular  increments  were 
resolved)  at  several  spanwise  and  gapwise  positions  downstream  of  the  6th 
and  9th  compressor  stators.  Although  a  complete  mapping  was  not  obtained, 
sufficient  data  was  acquired  behind  the  13th  stator  to  identify  the  flow's 
character  there  as  well.  "  * 

The  equipment  employed  in  this  study  and  the  difficulties  encountered ^wlll  be  de¬ 
scribed.  <J)ata  typical  of  the  findings  will  be  presented.  Unexpected  modulations  in 
the  data  have  led  to  the  application  of  spectral  analysis  techniques  to  identify  and 
characterise  the  periodic  fluctuations.  Emphasis  will  be  placed  on  these  data 
analysis  techniques  and  the  insight  gained  from  their  application  on  the  data. 
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Introduction 


Laser  doppler  velocimetry  (LDV)  techniques  have  advanced  considerably  since  their 
introduction  in  the  late  1960's;  matched  with  improved  data  acquisition  systems,  the 
LDV  has  become  a  cost  effective  tool  for  the  study  of  aerodynamics  and  hydrodynamics 
in  many  fields.  Use  of  the  LDV  at  Pratt  &  Whitney  got  underway  in  1969  and  evolved 
in  the  direction  of  operating  in  harsh  environments.  Primary  goals 
included  high  sensitivity  to  accommodate  relatively  small  windows  for 
on-axis  backscatter  gas  turbine  studies  and  rapid  data  acquisition  rates  to 
minimize  test  times. 

Initial  studies  at  Pratt  &  Whitney  were  directed  at  Jet  flows  and  Intrablade  fan 
flows  where  the  relatively  large  working  distances,  although  presenting  numerous 
problems,  did  not  require  the  instrument  to  focus  close  to  window  surfaces  or  rotor 
hubs  where  substantial  quantities  of  flare  light  originate.  Following  the  successful 
application  of  Pratt  &  Whitney’s  LDV  in  a  number  of  engine  intrablade  fan  studies,  it 
was  felt  that  the  next  significant  flow  to  address  was  the  interrotor 
passages  of  a  high  pressure  compressor.  A  NASA  funded  study  was  planned  in 
which  a  detailed  mapping  of  the  stator/rotor  interactions  would  be 
attempted  with  this  nonintrusive  device.  In  addition  to  demonstrating  the 
capabilities  and  (or)  problems  associated  with  this  technique,  the 
availability  of  data  from  a  non- per Curbing  instrument  would  help  assess  the 
relative  value  of  LDV  and  conventional  pressure  and  temperature  probe  data 
normally  utilized  in  interrotor  studies. 

Optical  Instrument 

A  two  color,  two  component  LDV  system  operating  in  a  confocal  backscatter 
configuration  has  been  developed  at  Pratt  &  Whitney,  Figure  1.  A  Spectra 
Physics  Model  164  arson  ion  laser  operating  in  "all  lines  mode"  supplied 
approximately  800  milliwatts  to  the  head.  Divergence  of  the  incident  laser 
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beam  was  reduced  in  the  LDV  by  first  passing  the  beam  through  a  galilean 
telescope  type  assembly  to  adjust  the  beam  diameter  to  tailor  its  size  to 
the  number  of  fringes  and  fringe  spacing  required  by  the  flow  to  be  studied 
and  to  materially  reduce  the  beam  divergence  from  the  laser  to  minimize  the 
generation  of  false  turbulence  signals  (better  then  95Z  divergence 
reduction  is  normally  achieved) .  This  instrument  Incorporates  path  length 
compensation  to  permit  laser  operation  without  an  etalon,  dichroic  beam 
splitters  for  color  separation  during  beam  splitting,  and  remotely 
positionable  sensitivity  vector  beam  orientation  (resolvable  to  ±0.05 
degrees).  This  assembly  is  coupled  to  a  half  wave  plate  which  is 
configured  to  rotate  at  one  half  of  the  beam  splitters'  rate  to  maintain 
the  proper  light  polarization  for  the  beam  splitters'  coatings.  The  beam 
splitters  in  this  assembly  were  placed  at  56*  Included  angle  rather  than 
the  90°  orientation  frequently  utilized.  Although  a  90°  orientation  could 
have  been  employed,  the  narrower  56°  included  angle  is  generally  employed 
since  it  permits  the  two  axes  to  nominally  be  within  28®  of  the  anticipated 
flow  direction.  This  orientation  substantially  increases  the  effective 
swept  area  of  the  probe  volume  while  concurrently  decreasing  the  effect  of 
angular  fluctuations  on  angle  bias  generation.  In  this  study  although 
substantial  velocity  fluctuations  were  anticipated,  angular  fluctuations 
were  expected  to  be  small  enough  that  only  one  orientation  of  the 

beamsplitters  would  be  needed  for  all  testing  (this  proved  to  be  the  case). 

Backscattered  light  from  the  instrument's  probe  volume  was  collected  by  a  3.158  inch 
diameter  trepanned  multiple  element  achromat  which  incorporated  a  large,  2.125  inch 
diameter  center  stop  for  flare  light  control.  The  control  stop  served  to  limit  the 
probe  volume  length  viewed  by  the  collection  lens.  In  addition  this  stop  serves  to 
increase  the  signal  to  noise  ratio  by  preventing  scattered  light  from  regions  some¬ 
what  outside  of  the  probe  volume  from  entering  the  annular  collection  lens.  The  7.48 

inch  focal  length  collection  lens'  effective  focal  length  was  F3.80.  Light  collected 
from  the  probe  volume  was  brought  to  focus  on  a  field  stop  who's  size  determined  the 
field  of  view  available  to  the  photomultipliers  (PMT) .  Separation  of  the 
signals  from  the  two  fringe  volumes  was  accomplished  with  color  separating 
beamsplitters  in  the  PMT  housing. 

Test  Vehicle  &  Modifications  For  LDV  Testing 

A  full  scale  experimental  multi-stage  compressor  comprising  rotors  6  thru 
15  developed  for  the  NASA  Energy  Efficient  Engine  was  powered  by  a  40,000 
horsepower  steam  turbine  for  this  study.  To  evaluate  the  potential 
difficulties  associated  with  making  LDV  interrotor  velocity  measurements, 
three  axial  locations  were  selected  for  study. 

The  first  window  location,  aft  of  the  6th  stator  and  forward  of  the  7th  rotor,  was 
chosen  to  serve  as  a  benchmark  since  the  seed  would  have  passed  thru  only  one 
rotating  stage  and  particle  migration  would  not  be  severe  enough  to  significantly 
restrict  measurements  throughout  the  passage.  Based  on  earlier  transonic  engine  fan 
tests,  it  was  anticipated  that  data  acquisition  at  this  location  could  be  routinely 
accomplished.  The  window,  3%  inches  in  the  circumferential  direction  by  1  inch 
axially  permitted  a  radial  traverse  from  hub  to  tip  behind  approximately  4  inch  span 
stators.  In  the  circumferential  direction  the  window  permitted  probing  from  midway 
between  the  stators  thru  a  stator  wake  to  the  corresponding  location  in  the  next 
passage . 

The  second  window  was  located  in  the  9th  stator-lOth  rotor  region  and  was  also  placed 
to  permit  hub  to  tip  and  50Z  stator  gap  to  150Z  stator  gap  traversing. 

This  location,  following  four  rotor/stator  stages,  was  expected  to 
delineate  any  problems  with  seeding  loss  to  the  airfoils  and  walls.  In 
addition  the  passage  height  had  shrunk  to  1.85  inches  increasing  the 
likelihood  that  window  and  hub  flare  would  make  measurements  near  these 
surfaces  difficult. 

The  third  window  in  the  13th  stator /14th  rotor  region  was  chosen  to  maximize  the 
difficulties  faced  by  the  LDV,  passage  height  was  reduced  to  1.05  Inches  and  the  seed 
would  have  to  survive  the  passage  thru  8  stages  of  compression  and  an  air  temperature 
rise  of  several  hundred  degrees  F  which  was  anticipated  to  promote  seed  evaporation. 
Whether  the  material  as  a  liquid  would  survive  depended  somewhat  on  the  increased 
pressure,  roughly  eight  times  atmospheric  which  might  somewhat  compensate  for  the 
600+°F  rise  in  gas  temperature. 

The  inner  surface  of  the  windows  were  ground  to  a  cylindrical  contour  chosen  to 
closely  approximate  the  curvature  of  the  rig’s  outer  flow  path.  In  a  window  of  this 
type,  traversing  the  LDV  vertically  (circumferentially)  from  the  normal  to  the  rig 
axis  results  in  the  two  incident  laser  beams  for  each  LDV  axis  being  refracted  by 
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differing  amounts  for  all  beam  orientations  except  when  the  plane  of  the  two  incident 
beams  is  parallel  to  the  rig  axis.  This  variability  introduced  into  the  calibration 
constants  of  the  0.488  and  0.5145  micron  sensitivity  vectors  can  be  somewhat  con¬ 
trolled  by  proper  choice  of  the  window's  outer  surface  contour.  An  analy¬ 
sis  was  performed  at  Pratt  to  select  outer  contours  in  an  effort  to  control 
this  effect1.  Although  a  complex  figure  for  the  window  would  have 
permitted  better  control  of  the  optical  distortions,  a  cylindrical  grind 
was  chosen  to  keep  fabrications  costs  to  a  reasonable  value.  Following 
polishing,  the  windows  were  anti-reflection  coated  on  both  surfaces. 

The  windows,  formed  of  approximately  0.25  inch  fused  silica  were  fitted  into  metai. 
frames.  The  frames  were  fabricated  with  approximately  2  mil  wide  slots  upstream  of 
the  window's  inner  surface.  These  slots  were  used  to  conduct  washing  fluid  via  an 
internal  channel  from  either  of  the  remotely  located  reservoirs.  During  testing  when 
data  rates  and  (or)  signal  quality  degraded  (suggesting  that  the  window  had  become 
fouled),  either  or  both  of  the  supplies  would  be  momentarily  pressurized  to  introduce 
acetone  and(or)  demineralized  water  into  the  airstream  Immediately  upstream  of  the 
window.  Generally  a  1  to  2  second  wash  (approximately  1  to  2  cubic  centimeters)  of 
each  fluid  would  restore  the  system's  performance. 

Di(2-ethylhexyl)  phthalate  (DOP) ,  atomized  by  four  Laskin  nozzles  was  introduced  into 

the  ducting  one  hundred  feet  upstream  of  the  test  rig.  A  lower  vapor  pressure  oil, 

Dow  Coming's  DC704  diffusion  pump  fluid,  was  obtained  as  an  alternate  seed  in  the 

event  that  evaporation  of  the  DOP  occurred.  A  second  backup  material, 

nominal  1.0  micron  diameter  ziconium  dioxide  injected  by  a  fluidized  bed 

seeder  was  also  prepared  in  case  the  DOP  and  DC704  were  both 

unsatisfactory. 

Test  Program 

Initial  testing  was  performed  in  the  9th  stator/lOth  rotor  region  with  the  single 
component  LDV  utilized  previously  in  a  number  of  transonic  fan  studies.  These 
efforts  demonstrated  the  viability  of  getting  good  measurements  at  this  location. 
Using  these  data  as  a  bench  mark,  the  optical  head  was  converted  to  the 
recently  completed  two  component  mode  in  order  to  ascertain  whether  the 
more  efficient  two  component  mode  of  operation  could  be  effectively 
utilized  in  this  study  .  A  series  of  repeat  points  were  acquired  that 
demonstrated  that  the  two  component  system's  performance  was  comparable. 

All  remaining  data  were  obtained  with  the  two  component  optics. 

Circumferential  traverses  were  made  at  each  of  five  spanwise  locations,  202 
span  intervals  separated  the  traverses  radially  while  circumferential  spacing  varied 
with  the  finest  spacing  used  to  define  the  stator  wake  regions;  generally  ap¬ 
proximately  10  circumferentially  spaced  locations  were  probed  at  each  spanwise 
location.  The  LDV  head  can  be  seen  in  Figure  2  operating  at  the  9th  stator/ 10th 
rotor  window  locations,  the  6th  stator/7th  rotor  window  is  visible  to  the  right.  No 
difficulty  was  experienced  in  obtaining  data  at  all  locations  probed  in  this  region 
of  the  compressor.  Seed  migration  effects  were  not  found  to  be  an  obstacle  to  data 
acquisition,  data  was  obtained  everywhere  that  the  instrument  probed,  and  measure¬ 
ments  were  obtained  as  close  as  0.06  inches  from  the  rig’s  hub.  Once  the  5  radial  by 
10  circumferential  point  matrix  has  been  completed,  a  similar  set  of  traverses  were 
performed  thru  the  upstream  window.  A  similar  matrix  was  then  attempted  at  the  13th 
stator/ 14th  rotor  window.  At  this  location  data  rates  dropped  to  unacceptably  low 
vaLues  due  to  seed  loss  thru  evaporation  and  window  contamination.  A  lower  vapor 
pressure  oil,  DC704  diffusion  pump  oil,  was  substituted  for  the  DOP  and  testing 
resumed.  Although  an  increase  in  data  rate  was  obtained,  the  increase  was  not 
sufficient  to  permit  a  detailed  mapping  in  this  region.  Despite  this  difficulty  a 
few  representative  data  sets  were  obtained  which  showed  the  flow  structure  at  this 
location.  Additional  seeding  experiments  utilizing  1-nominal  1.0  micron  zirconia 
suspended  in  DOP  and  dispersed  via  the  Laskin  nozzle  seeder  and  2-  dispersing  dried 
1.0  micron  zirconia  from  a  fluidized  bed  were  attempted  but  also  met  with  limited 
success.  In  addition  to  not  obtaining  adequate  seed  at  the  13th  stator/14th  rotor 
location,  a  significant  problem  was  encountered  in  keeping  the  window's  inner  surface 
clear  of  contaminants.  Fluids  used  to  periodically  wash  the  upstream  windows  during 


1 An  analysis  of  this  aberration  and  window/ lens  designs  to  control  the  problem  can 
be  found  in  International  Symposium  On  Laser  Anemometry,  FED  Vol.  33,  Winter 
Annual  ASME  Meeting,  Nov.  17-22,  1985,  see  pages  293  to  298,  "LDV  Measurements  In 
Pipe  Flow  Problems  and  Experiments",  by  H.  Els  &  G.  Rouve. 

2  Optical  performance  of  the  new  two  component  system  was  expected  to  be 
comparable  to  the  single  component  design  but  this  had  not  been  estab¬ 
lished  in  an  engine  test  environment.  Consequently  a  demonstration  of 
the  two  component  head's  capabilities  was  needed  before  undertaking  a 
program  of  this  scope. 
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testing  vaporized  at  this  test  location.  The  only  way  the  windows  could  be  cleaned 
was  to  reduce  the  rig  operating  speed,  wash  the  windows,  reset  the  test  condition, 
and  try  to  obtain  a  data  point  before  window  contamination  again  excessively  degraded 
the  LEV  signals.  At  this  point  the  program  goals  to  obtain  data  wherever  possible 
and  to  identify  potential  problems  with  LDV  testing  in  multi-stage 
compressors  had  been  met  and  testing  was  terminated.  One  hundred  and 
thirty-six  data  points  had  been  obtained  with  complete  mappings  at  the  6th 
stator/7th  rotor  and  9th  stator/lOth  rotor  locations  and  20Z  of  the 
matrix  completed  at  the  13th  stator/14th  rotor  locations. 

Data  Reduction 


Each  of  the  data  points  consisted  of  2  velocity  components  with  100,000  to  300,000 
measurements  per  velocity  component.  During  the  acquisition  phase  each  velocity 
measurement  was  assigned  a  rotor  position  value  Indicating  which  of  approximately 
1000  angular  positions  of  the  rotor  that  the  measurement  occurred  in.  Acquisition 
times  or  3  to  10  minutes  per  data  point  were  typical.  The  data  acquisition  system 
employed  in  this  study  is  shown  in  Figure  3.  The  first  step  in  data  reduction  was  to 
order  the  data  by  angular  position  (hereafter-referred  to  as  click  position) ,  review 
the  resulting  histograms  for  possible  editing  ,  and  obtain  the  mean  of  each  histo¬ 
gram.  Figures  4  &  5  shows  typical  low  and  high  turbulence  level  histograms  obtained. 
Figure  6  displays  the  results  of  analyzing  all  1000  positions  and  plotting  in  the 
upper  graph  the  number  of  velocity  data  per  click,  the  middle  graph  displays  the 
histograars  turbulence  intensity  per  click,  and  the  lower  graph  the  mean  velocity  per 
click.  These  data  were  placed  in  a  data  base  accessible  by  the  Compressor  Aero¬ 
dynamics  Group  for  review  and  analysis^.  These  data  were  then  vectorially  added  to 
the  second  velocity  component  data  to  produce  the  resultant  velocity  vector  and  air 
angle  data  displayed  in  Figure  7. 

Fourier  Analysis 

An  unusual  aspect  of  many  of  the  data  sets  obtained  is  the  beat  like  behavior  found 
in  the  component  velocity  and  resultant  velocity  mappings.  The  strength  of  these 
features  was  found  to  be  a  strong  function  of  location  within  the  passage  with 
periodic  high  frequency  wave  forms  becoming  strongest  in  the  stator  wake  regions. 

A  4  cycle  per  revolution  beat  frequency  was  observed  in  the  9th  stator/ 10th  rotor 
location  for  many  of  the  data  setB,  see  Figure  8.  This  suggested  that  the  perio¬ 
dicities  observed  were  being  caused  by  the  66  bladed  rotor  9's  blade  wakes  in¬ 
teracting  with  the  forward  propagating  back  pressure  field  from  rotor  10' s  62  blades. 
Bear  in  mind  that  what  is  being  displayed  is  spatially  separated  velocity  anomalies 
not  temporally  distinct  periodicities.  For  example  Figure  5  shows  a  distinctly 
bimodal  distribution  indicating  that  a  periodic  oscillation  was  probably  occurring  at 
this  click  location  yet  the  periodicity  of  the  oscillation  was  not  recorded  in  the 
acquisicion  process.  In  the  following  displays  only  the  mean  value  of  the  dis¬ 
tribution  is  used,  i.e.  all  time  information  has  been  ignored. 

To  investigate  this  beat  phenomenon  further  a  Fourier  transform  (FT)  routine  was 
developed  to  transform  the  wave  form,  either  Figure  6's  velocity  component  wave. 
Figure  7  or  8’s  resultant  velocity  vector  or  air  angle  curve  from  the  spatial  into 
the  frequency  domain.  Figures  9  and  10  display  the  result  of  transforming 
Figure  8's  velocity  and  air  angle  curves  with  the  spatially  discrete 
periodicities  that  contributed  to  the  measured  waveform  clearly  observable. 

In  analyzing  these  results  it  quickly  became  evident  that  many  more  rotors 
than  the  immediate  upstream  and  downstream  rotors  were  contributing  to  the 
velocity  fluctuations  observed.  In  fact  in  some  data  sets  periodic 
contributions  from  as  far  forward  as  rotor  6  were  clearly  discerned  aft  of 
stator  9,  Figure  10  displays  such  a  data  set  with  the  fundamentals  and 
harmonics  from  the  various  rotors  identified. 

Wave  Form  Enhancement 


With  the  contributing  components'  frequency  and  amplitude  levels  clearly 
identified,  the  possibility  of  manipulating  the  data  to  enhance  wave  forms 


1 Ho  data  editing  was  found  to  be  necessary  for  the  bulk  of  the  data.  At  the  13th 
stator/14th  rotor  location  noise  began  to  appear  due  to  window  contamination.  All 
data  is  presented  with  no  editing. 

4  Results  of*the  aerodynamic  analysis  will  be  released  in  the  NASA  Contract  Final 
Report,  "E  High  Pressure  Compressor,  Rig  #70749-03  LDV  Data  Assessment". 
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of  specific  interest  suggested  itself.  One  approach  investigated  involved 

extracting  only  the  wake  wave  form  created  by  one  rotor,  ignoring  all 

interactions  with  other  rotors.  First  an  FT  was  performed  on  the  velocity 

or  air  angle  curve,  then  the  real  and  imaginary  components  of  the 

fundamental  and  harmonics  associated  with  the  rotor  of  interest  were 

extracted,  and  finally  an  inverse  Fourier  transform  was  performed  on  these  data. 

Figure  11  displays  velocity  and  air  angle  data  from  a  9th  stator/lOth  rotor  location 

where  the  9th  rotor's  66  blades  wakes  were  severely  distorted  by  the  presence  of  a 

strong  bow  wave  propagating  forward  from  the  62  blades  of  rotor  10.  The  average 

or  mean  rotor  9  blade  wake  shown  in  Figure  12  was  extracted  from  Figure 

11 ’a  velocity  curve  in  the  manner  described  above.  In  a  multi-stage 

compressor  with  windows  located  between  every  stage,  this  method  could  be 

employed  to  track  the  distortions  introduced  and  decay  produced  by  passage 

of  a  specific  rotor's  wake  thru  successive  stages. 

A  second  method  employed  was  to  subtract  out  only  the  contribution  of  one  rotor  by 

similarly  performing  the  FT,  identifying  and  removing  the  real  and  imaginary  terms  of 

the  wave  form  to  be  deleted,  and  performing  an  inverse  Fourier 

transformation  (IFT)  on  the  remaining  data.  In  this  fashion,  a 

particularly  strong  perturbation  created  by  a  nearby  rotor  can  be  removed 

allowing  weaker  fluctuations  to  be  more  clearly  observed.  The  upper  graph 

of  Figure  13  shows  a  portion  of  an  air  angle  wave  form  from  the  30Z  gap/50Z 

span  location  of  the  6th  rotor  (26  blades) /7th  rotor  (50  blades)  data  set 

in  which  the  50E  (times  engine  order)  signals  from  the  downstream  rotor 

clearly  dominates  the  data.  The  fundamental  and  2nd  thru  4th  harmonics  of 

rotor  7  were  deleted  from  the  transform  and  the  IFT  performed,  the  lower 

portion  of  the  figure  shows  the  resulting  wave  form  with  the  26E  blade 

wakes  now  clearly  visible. 

Conclusions 

The  initial  thrust  of  the  program,  identify  the  viability  of  using  an  LDV  to  obtain 
nonperturbing  measurements  of  air  velocity  and  angle  in  the  stator/rotor 
interaction  region  of  a  multi-stage  compressor,  was  clearly  demonstrated  to 
be  practical. 

o  Initial  concerns  with  the  possibility  of  locally  unseeded  regions  developing  after 
passage  of  the  seeded  flow  thru  several  stages  of  a  compressor  was  not 
found  to  be  a  problem.  No  seed  level  degradation  was  observed  after 
four  stages  of  compression.  After  eight  stages,  unrelated  seeding 
difficulties  arose  but  no  locally  unseeded  regions  developed. 

o  The  additional  pressure  created  in  higher  stages  of  compression  is  not  sufficient 
to  offset  the  increasing  volatility  of  DOP  seed  produced  by  the  rising 
temperature.  Lower  vapor  pressure  oils  or  solid  particulates  will  be  needed  for 
future  testing  in  these  regions. 

o  Either  methods  of  cleaning  windows  during  high  temperature  rig  operation  will  have 
to  be  developed  which  remain  effective  at  the  highest  stages  of  compression  or 
possibly  methods  of  supplying  a  continuous  gas  purge  could  be  developed. 

o  Turbulence  introduced  by  rotor  wakes  persist  in  terms  of  identifiable  velocity 

fluctuations  for  several  stages  before  mixing  reduces  the  rotor's  contributions  to 
unidentifiable  random  fluctuations. 

o  Although  the  data  was  not  recorded  in  a  fashion  that  preserved  the  temporal 
aspects  of  the  measurement,  Fourier  transform  techniques  could  be  usefully 
applied.  The  spatial  wave  forms  obtained  could  also  be  manipulated  with 
FT  techniques  to  extract  additional  information  about  hardware  related 
periodicities  present  in  the  flow. 
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FIGURE  2 
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CONFIGURATION.  6TH 
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FIGURE  3 
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IN  E3  HIGH  PRESSURE 
COMPRESSOR  STUDY 
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FIGURE  4 
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HISTOGRAM 
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FIGURE  7 

VECTOR  ADDITION  OF  TWO 
VELOCITY  COMPONENTS  AT 
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ANGULAR  POSITION  OF  ROTOR  IN  CLICKS 
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FIGURE  8  * 

RESULTANT  VELOCITY  AND  AIR 
ANGLE  DATA  SHOW  PERIODIC 
(4E)  BEAT  AT  THIS  9TH 
STATOR/ IOTH  ROTOR 
LOCATION  £ 
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ANGULAR  POSITION  OF  ROTOR  IN  CLICKS 


VELOCITY  SPECTRA  AIR  ANGLE  SPECTRA 
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FIGURES  9  AND  10 

FOURIER  TRANSFORMS  OF  FIGURE  8’S  VELOCITY  AND  AIR  ANGLE  WAVEFORMS, 

SEVERAL  OF  FIGURE  10'S  PEAKS  ARE  LABELED  BY  THE  ROTOR  NUMBER  OF  THE  SOURCE 
AND  THE  HARMONICS 
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ANGULAR  POSITION  OF  ROTOR  IN  CLICKS 
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FIGURE  12 

FOURIER  TRANSFORMATION 
AND  INVERSE  TRANSFORMATION 
TO  RETRIEVE  AVERAGE  UPSTREAM 
ROTOR  BLADE  WAKE  PROFILE 
FROM  FIGURE  11'S 
RESULTANT  VELOCITY  WAVEFORM 


FIGURE  13 

DOWNSTREAM  ROTOR  EFFECTS 
DOMINATE  AIR  ANGLE  DATA 
FROM  THIS  DATA  SET. 
APPLICATION  OF  FT  AND  IFT 
TECHNIQUES  TO  REMOVE 
FREQUENCY  COMPONENTS 
FROM  DOWNSTREAM  ROTOR; 
PERMITS  UPSTREAM  ROTOR 
WAKES  TO  BE  SEEN 
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DISCUSSION 


AiStraznar,  US 

You  mentioned  that  your  windows  were  not  constant  thickness  in  an  attempt  to  correct  for  refraction  effects.  Was  this 
correction  sufficient  to  bring  all  4  beams  of  your  2-colours  system  to  a  common  focal  point? 

Author's  Reply 

Yes,  at  all  window  locations,  both  beam  crossing  (4  beams)  and  the  coannular  collection  optics  were  brought  to  a 
common  enough  focus  so  that  data  acquisition  on  both  channels  was  not  impaired. 


R.Schodl,  GE 

What  is  the  size  of  the  probe  volume? 

Author’s  Reply 

We  have  about  30  fringes  inside  the  probe  volume;  its  diameter  is  80  pm,  and  its  length  350  pm. 


RX.EMer,  UK 

In  the  afterburner  tests  you  have  discussed,  what  do  you  believe  were  the  seeding  particles? 

Author's  Reply 

Our  experience  indicated  that  the  non  augmented  flow  produced  considerably  higher  data  rates  than  augmented.  As  the 
various  stages  of  augmentation  were  introduced,  there  was  no  significant  change  in  turbulence  levels,  suggesting  that 
beam  steering  by  hot  gas  cells  was  not  significant.  Consequently,  I  feel  the  reduction  in  data  rates  was  due  to  a  reduction 
in  the  number  of  particles  present.  From  this  I  concluded  that  the  LDV  was  detecting  carbon  particles  formed  in  the 
engine  combustor  and  that  many  of  these  particles  were  combusted  in  the  augmentor  during  augmentation. 


R.B.Price,  UK 

( 1 )  What  is  the  minimum  particle  size  that  your  system  is  able  to  detect’’ 

(a)  theoretical  design  value 

(b)  that  you  achieve  practically  in  the  multi- stage  compressor  tests. 

(2)  What  is  the  size  distribution  of  the  seed  particles  in  the  multi-stage  compressor  experiments? 

Author’s  Reply 

(la)  We  have  not  performed  a  theoretical  calculation  on  the  minimum  particle  size  that  the  instrument  would  be 
capable  of  sensing. 

(lb)  In  jet  flows,  with  no  intervening  windows  or  far  wall  light  scatterers  that  could  degrade  the  signal  to  noise  ratio, 
experiments  have  suggested  that  the  1 83  mm  focal  length  optical  configuration  (as  used  in  this  study)  can  detect 
approximately  0.2  pm  diameter  particles.  However  in  the  normal  gas  turbine  environment,  where  optimum  signal 
to  noise  ratios  arc  not  achieved,  a  minimum  panicle  diameter  detected  of  1  pm  is  more  realistic.  It  is  our  intent  to 
perform  an  experiment  in  a  three  stage  compressor  shortly,  which  will  provide  a  more  exact  answer  to  your 
question. 

(2)  The  size  distribution  of  the  seeded  used  to  disperse  the  DOP  seed  used  in  this  study  was  recently  measured.  I  have 
not  had  an  opportunity  to  review  these  data  as  yet  but  have  been  informed  that  "distribution  peaks  at  0.6  pm  with 
very  few  particles  larger  than  1  pm".  I  am  afraid  that  I  cannot  be  more  definitive. 


B.Uk9hninarayiM,  US 

Where  did  you  inject  the  particles?  Upstream  of  the  blade  or  upstream  of  the  stage?  Did  you  have  trouble  getting 
enough  particles? 

Author’s  Reply  • 

We  introduced  the  seed  at  the  roof  of  the  building.  30  m  upstream  of  the  probe  volume  locations;  the  particles  had  to 
pass  through  two  or  three  elbows  and  a  plenum  chamber. 

At  the  last  measurement  location,  we  had  difficulties  getting  the  data.  We  used  DOP:  we  were  hoping  that  the  increasing 
pressure  on  the  seed  will  compensate  the  temperature  elevation,  so  that  the  particles  may  stay  around;  unfortunately 
this  seed  evaporated.  Then  we  went  to  Dow  Coming  704.  which  is  a  vacuum  pump  oil,  with  a  lower  vapour  pressure, 
but  not  successfully.  DOP  and  Zr02  were  mixed:  this  seed  slightly  improved  the  data  rate;  but  the  window  was  rapidly 
getting  dirty.  Because  of  elevated  temperature  we  could  not  wash  the  window  (no  success  with  alcohol,  acetone,  etc...). 
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EVALUATION  OF  L2F-MEASUREMEOTS  IN  UNSTEADY  TURBINE  FLOW 

W.  Forster,  R.  Schodl,  H.  Kruse 
Ins ti tut  fur  Antriebstechnik 
DFVLR,  5000  Koln  90 
Germany 


StMiAKY 

'  The  L2F-velocimeter  is  a  suitable  device  with  wiiich  to  perform  experimental  studies  on  instationary 
effects  in  turbanachiiies.  This  report  describes  the  execution  and  the  evaluation  of  L2F-measureftents 
within  and  near  the  rotor  blade  channel  of  a  single-stage,  cold  air  test  turbine. 

The  measurements  provide  information  on  instantaneous  distribution  of  the  2-D  flow  vector  as  well  as 
the  canponents  of  random  fluctuating  velocity.  The  turbine  rotor  flow  is  periodically  unsteady,  be¬ 
cause  of  the  upstream  inlet  guide  vanes.  In  order  to  ensure  the  almost  ccrplete  reconstruction  of 
all  possible  rotor- to- s ta tor  orientations, the  discrete  measurements  are  evaluated  by  ocmbining  a  local 
and  chronological  interpolation  procedure.  A  discussion  of  experimental  uncertaintj  .-s  in  this  appli¬ 
cation  of  the  L2F- technique  is  included . 

LIST  CF  SYMBOLS 

B  number  of  rotor  blades 

c  flew  velocity  in  the  absolute  frame 

M  number  of  measuring  segments  within  one  blade  period 

n  rotational  speed 

PS  pressure-side 

s  separation  of  beams 

SS  suction-side 

t  time 

w  flew  velocity  in  the  relative  frame 
x  coordinate 
Y  •• 

a  flow  direction  in  the  absolute  frame 
6  "  "  "  "  relative  ” 

yj>  circumferential  angle 
SUBSCRIPTS: 

1  stator  outlet 

2  rotor  outlet 

fl  flying  particle 
1  longitudinal 
ms  measuring  segment 
rel  relative 
R  rotor 
tr  transversal 
SUPERSCRIPTS: 

,  random  fluctuation 
ensemble  averaged 
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In  order  to  determine  the  overall  performance  of  a  turbcra chine  the  flew  is  assumed  to  be  stationary 
and  in  most  cases  the  subsequent  detailed  design  of  an  engine  is  based  upon  stationary  measurements . 

In  a  real  engine,  however,  the  flew  is  unsteady  because  of  the  interaction  between  blade  rews;  therefore 
the  reliable  performance  prediction  and  optimization  of  modem  engines  requires  more  and  more  the  con¬ 
sideration  of  unsteady  effects,  especially  with  respect  to  loss  production,  heat  transfer,  noise  gene¬ 
ration  and  the  aerodynamic  stability  of  compressors . 

The  interaction  of  adjacent  blade  rows  causes  periodically  fluctuating  flew  conditions  in  the  downstream 
as  well  as  in  the  upstream  direction.  The  potential  flow  effects  act  in  both  directions ,  whereas  the 
rare  powerful  wake  and  secondary  flew  effects  lead  to  inhanogenous  distributions  of  flew  parameters 
downstream  of  the  generating  blade  row. 

Seme  investigations  are  knewn  in  which  attempts  to  caipute  the  unsteady  inviscid  f lew-field  by  modelling 
the  wakes  of  an  upstream  blade  row  were  made  [6]. In  other  investigations,  measurement  and/or  calculation 
of  unsteady  boundary  layers  was  atterrpted  [7],  But  calculation  without  oanprehensive  test  data  for  veri¬ 
fication  is  only  speculation.  Further  progress  in  this  field  requires  detailed  measurements  of  the  un¬ 
steady  flew  effects  throughout  tie  flow  field.  Because  of  the  lack  of  a  suitable  measuring  technique  for 
the  unsteady  interaction,  wall-pressure  measurements  and  in  seme  cases  hot  wire  or  hot  film  probes  (even 
rotating)  have  been  the  only  source  of  information  until  the  development  of  the  laser  measurement  tech¬ 
nique. 

During  the  last  TO  years  the  Laser-2-Rocus  velocimeter  has  proved  to  be  an  extremly  useful  tool  for  in¬ 
vestigating  the  unsteady  flew  in  rotating  turbarachinery  components.  The  L2F  velocimeter  makes  it 
possible  to  collect  such  two-dimensional  data  as  the  velocity,  the  direction  and  the  turbulence  energy 
even  in  the  periodically  unsteady  flew  field  near  and  within  rotating  passages.  By  using  small  windows 
and  a  special  traverse  mechanism  it  is  possible  to  examine  most  of  the  flow  regions  of  interest,  even 
near  the  walls. 

Distinctive  advantages  of  the  L2F  method  developed  at  DFVLR  with  special  regard  to  turbcmachinery  appli¬ 
cation  are  the  high  sensitivity,  which  enables  in  back  scattering  even  the  det*?ction  of  about  0.1  mn 
particles,  and  the  possibility  to  automate  the  time-consuming  measuring  procedure. 

This  report  contains  the  description  of  the  unsteady  flew  phenomena  occur ing  in  a  turbine,  the  measure¬ 
ment  technique,  and  the  evaluation  of  data  frem  the  unsteady  rotor  flew,  including  a  discussion  of 
measurement  uncertainties.  In  conclusion,  the  test  apparatus  and  seme  results  from  our  turbine  experi¬ 
ments  are  depicted. 

UNSTEADY  FLOW  EFFECTS  IN  A  TURBINE  DUE  TO  THE  INTERACTION  OF  ADJACENT  BLADE  ROWS 

The  reason  for  periodically  unsteady  flow  effects  in  turbcmachines  is  the  relative  rotational  velocity 
of  two  adjacent  blade  rews.  In  the  vicinity  of  each  blade  row  there  is  an  inhanogenous  flow  field  which 
is  periodical  in  the  pitchwise  direction  except  for  manufacturing  inaccuracies.  A  blade  passing  any  kind 
of  gradient  in  the  flew  field  causes  unsteadiness. 

In  principle,  there  are  two  different  kinds  of  aerodynamic  rotor-stator  interaction,  the  first  being  po¬ 
tential  flew  or  inviscid  effects  and  the  second  wake  and  secondary  flew  or  viscous  effects.  The  gradients 
due  to  the  potential  flow  are  periodic  pressure,  velocity  and  direction  distributions  extending  upstream 
and  downstream  of  an  airfoil,  the  upstream  potential  effects  being  stronger  because  most  profiles  have 
their  largest  loading  in  the  leading  edge  region.  These  gradients  decay  exponentially  with  increasing 
axxal  gap.  The  potential  aerodynamic  interaction  is  therefore  important  only  when  the  axial  gap  is  small. 

The  interaction  caused  by  a  wake  is  possible  only  downstream  of  the  wake -generating  blade  row.  The  gra¬ 
dients  converted  downstream  are  periodic  distributions  of  aerodynamic  losses  and  therefore  of  the  velo¬ 
city  including  radial  ccrponents  as  well  as  a  periodic  distribution  of  turbulence  intensity.  The  com¬ 
plete  mixing  of  a  wake  needs  several  chord  lengths  downstream,  thus  wake  interaction  cannot  be  avoided 
even  when  the  follow  ing  blade  row  is  distantly  spaced.  These  interactions  are  of  tlie  most  serious  conse¬ 
quence. 


Similar  to  the  wake  interaction  is  the  downstream  Interaction  caused  by  secondary  vortices.  Secondary 
vortices  near  the  casing  and  the  hub  ray  cause  local  differences  in  the  static  pressure  and  in  the  velo¬ 
city  vector.  Moreover  the  vortex  can  accumulate  flew  material  with  high  losses  and  turbulence  energy 
[TO], The  mixing  of  the  vortices  usually  takes  place  farther  downstream  than  that  of  the  wakes,  thus  this 
kind  of  interaction  ray  be  present  even  with  extremly  large  axial  gaps. 

Other  possible  kinds  of  interaction  between  blade  rows  with  relative  rotational  velocity  ray  be  due  to 
shock  propagation,  tip  clearance  flew  and  coolant  jets. 


In  principle,  it  does  not  ratter  which  blade  rew  rotates;  consequently  there  is  no  fundamental  difference 
between  catpressors  and  turbines.  The  real  effects  of  both  kinds  of  interactions ,  hewever,  are  different, 
looking  at  the  rotor  blade  row  of  a  single  stage  ccrpressor  ,the  relative  flew  field  of  the  rotor  is  al¬ 
most  stationary  because  of  the  hcroqenous  inlet  flew  conditions  and  the  weak  upstream  potential  effects 
of  the  stator  blades  whereas  the  stronger  downstream  effects  of  the  rotor  blades  cause  the  fluctuating 
flew  field  near  and  within  the  stationary  blade  rcw.  Loo): ing  at  a  single  stage  turbine,  the  stator  flow  is  al¬ 
most  stationary  except  for  weak  upstream  effects  of  the  rotor,  whereas  the  rotor  blades  chop  the  stationary 
periodical  stator  wakes,  causing  the  strong  unsteady  effects  near  and  within  the  rotor  blade  passages. 


In  both  cases,  the  entire  internal  flow  field  is  more  or  less  instationary  and  the  instantaneous  flow 
pattern  differs  from  passaqe  to  passage  in  the  circumferential  direction  as  a  consequence  cf  different 
relative  positions  of  the  interacting  blade  rews.  In  multistage  turbcmachines ,  the  situation  is  more 
ocnplicabed  because  wakes  and  vortices  persist  for  considerable  distances  downstream.  If  mere  Uun  two 
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blade  rows  with  different  blade  numbers  are  involved,  the  experimental  investigation  of  the  super irrposed 
effects  would  be  difficult. 

All  the  above-mentioned  interactions  between  adjacent  blade  rows  axe  periodic  with  the  frequency  of  the 
passing  blades  or  passages  which  generate  tie  disturbance.  In  a  detailed  investigation  of  unsteady  turbo- 
rachinery  flow,  these  periodic  fluctuating  flow  quantities  must  be  recorded  as  a  function  of  space  and 
time.  In  general  the  internal  flow  of  a  turbcmachine  is  turbulent,  and  this  superimposed  random  fluctu¬ 
ation  should  be  recorded  as  well.  Consider ,  for  instance ,  the  phase  locked  flew  field  in  a  turbine  rotor. 
Each  rotor  fixed  point  will  feel  a  velocity  distributee "  similar  to  that  shewn  in  Fig.  1.  The  velocity 
history  shown  in  the  figure  locks  like  the  record  of  a  hot  wire  anemometer  rotating  with  the  rotor.  The 
periodic  decay  of  the  velocity  corresponds  to  the  wakes  of  the  stator  vanes  and  the  disturbances  with 
higher  frequencies  are  the  turbulent  random  velocity  fluctuations  which  are  higher  near  the  center  of 
the  wakes.  The  periodically  fluctuating  velocity  c (t) is  the  phase  locked  average  of  the  real  velocity 
c  (t) ;  c*(t)  is  the  turbulent  fluctuating  ccnponent.  Using  a  hot  wire  anemometer  it  is  ocrplicated  to 
separate  the  periodic  and  the  random  fluctuating  component,  but  with  an  L2F  device,  the  instantaneous 
measuring  technique  and  the  statistical  evaluation  of  the  data,  discussed  Later,  directly  lead  to  the 
mean  velocity  c(t)  and  the  standard  deviation ^  c  '  *  as  well  as  to  the  fluctuating  flow  direction  oi(t) . 

L2F  MEASUREMEOT  TECHNIQUE  IN  PERIODIC  UNSTEADY  FLCW 

The  Laser-Two-Focus  (L2F)  velocimeter,  which  was  used  to  carry  out  the  flow  velocity  measurements  in  the 
rotating  blade  channels  of  the  turbine  rotor,  had  the  following  characteristics: 

laser  power  500  mW 

diameter  of  focused  beams  10  pm 

separation  of  beams  350  um 

axial  lenght  of  the  probe  volune  600  pm 

f-nuirber  of  the  receiver  optics  3.7 

focal  length  of  the  receiver  optics  350  rnn 

signal  processing  time-to-pulse-height  converter  plus  nultichannel  analyser 

The  L2F  system  was  nounted  on  a  x-y-coordinate  table.  The  laser  beams  were  transmitted  through  a  casing 
window  to  the  probe  volume  in  the  rotor  flow  channel  and  aligned  so  that  the  optical  axis  of  the  L2F 
system  intersected  the  turbine  rotor  axis  at  a  right  angle.  By  controlling  the  x-y-table,  the  probe 
volume  could  be  positioned  along  the  axial  and  radial  coordinate  of  the  turbine.  In  order  to  define  the 
measuring  point  in  the  circumferential  direction,  electronics  providing  "Multi  Window  Operation",  i.e. 
offering  the  possibility  of  measuring  the  velocity  distribution  at  different  locations  between  the  blades 
simultaneously,  were  used.  The  method  of  operation  can  be  explained  with  the  help  of  the  timing  diagram 
in  Fig.  2.  A  signal  from  the  rotor  (upper  trace)  is  required.  The  periodically  generated  bipolar  pulses 
correspond  to  the  blade  frequency.  A  control  signal  is  generated  which  reduces  the  laser  power  periodi¬ 
cally  for  an  adjustable  time  period  T  just  at  that  moment  when  the  blade  passes  the  probe  volume  -  see 
P.M — signals.  The  delay  time  Ti  compensates  the  pace  difference  between  the  rotor  signal  and  the  pass¬ 
ing  signals  (P.M. -signal) .  Ti  is  also  adjustable. 

(The  strong  reduction  of  the  laser  power  during  the  blade  passages  is  necessary  in  order  to  protect  the 
photomultipliers  from  becoming  saturated  by  the  strong  reflection  from  the  blade.  The  saturation  renders 
measurement  impossible  for  a  certain  time,  which  often  is  not  snail  cxxrpared  to  the  blade  period.) 
Immediately  after  the  blade  passes,  the  laser  is  switched  to  full  power  again  -  control  signal  at  high 
level  -  and  an  internal  timing/ routing  signal  divides  the  blade  period  into  16  different  circumferential 
positions.  Just  at  the  moment  when  a  stop  signal  appears  -  generated  by  a  particle  passing  the  stop  beam 
-  the  routing  value  (in  this  example  10)  is  stored.  The  measured  time  interval  is  then  stored  into  that 
part  of  a  group  of  memories  which  corresponds  to  the  indicated  routine  value. 

The  phase  difference  between  the  rotor  signal  zero  crossing  and  the  blade  passages  is  determined  by  the 
different  circumferential  positions  of  the  rotor  signal  pick  up  and  the  L2F  system  (these  were  not 
changed  during  measurement  period)  and  by  the  axial  changes  in  position  of  the  probe  volume.  At  a  fixed 
radial  position  the  knewn  blade  profile  contour  has  a  fixed  phase  relaticn  to  the  rotor  signal.  This 
relation  must  either  be  known  or  be  determined  by  measurement.  FOr  this  purpose  the  photanultiplier 
blade  surface  signals  can  be  used  as  shewn  in  Fig. 2.  In  order  to  get  this  blade  signal  ,  the  laser  was 
not  switched  off  ccnpletly  during  blade  passages.  Since  the  axial  position  of  the  prebe  volune  is  known, 
the  blade  ccntour  can  be  established  relative  to  the  measuring  windows.  The  velocity  mean  values  ware 
reduced  from  the  time-of -flight  data  of  each  memory  group.  They  belong  to  the  center  position  of  each 
vdndcw. 

The  L2 F- ve loc imeter  was  operated  in  the  simplified  version,  i.e.  the  two-dimensional  frequency  distri¬ 
bution  of  the  fluctuation  velocity  vector  was  not  measured  but  rather  the  two  one -dimensional  marginal 
distributions.  By  this  method,  which  is  described  in  ref.  [5] ,  measuring  time  is  saved.  The  data  evalu¬ 
ation  procedure  is  explained  in  ref.  [9}.  The  results  of  the  calculation  are  such  velocity  mean  values 
as  magnitude  and  direction  of  the  absolute  mean  flew  vector  ccmponent  in  the  circumferential  plane  and 
the  turbulence  intensities  of  the  absolute  velocity  in  directions  of,  and  perpendicular  to,  the  measured 
mean  flew  vector.  The  measurement  accuracy  of  the  L2F  device  was  determined  to  be  better  than  1%  for  the 
velocity  components  and  better  than  5%  for  the  turbulence  intensities,  when  the  level  of  turbulence  was 
less  than  20%  (81.  In  measuring  turbine  rotor  flews,  additional  sources  of  uncertainty  are  possible. 

As  it  was  mentioned  already,  the  L2F  techniqi^  cannot  determine  the  distribution  of  the  unsteady  flow 
velocity  fran  blade  to  blade  as  a  continous  trace,  but  rather,  uses  a  finite  number  of  storage  segments. 
Depending  on  the  rotor  position,  each  measurement  event  is  collected  in  the  corresponding  segment.  The 
mean  values  of  velocity,  angle  and  turbulence  intensities  of  each  segment  can  be  related  to  a  certain 
circumferential  position  within  tlie  rotor  pitch,  e.g.  the  middle  of  the  measurement  segment,  lb  achieve 
a  good  resolution  of  the  flew  field,  it  is  desirable  to  have  as  large  a  number  of  segments  as  possible. 
However ,  if  the  number  of  segments  is  increased,  the  measuring  time  also  increases,  because  it  is  neces¬ 
sary  to  collect  a  sufficient  number  of  data  in  each  segment  to  allow  a  statistical  evaluation.  Also,  if 
the  number  of  segments  beacmes  too  great,  the  time  of  flight  of  a  particle  between  the  two  focal  points 
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approaches  the  order  of  nagnitude  of  the  traverse  tine  of  the  measurement  volune  through  one  sequent. 

In  other  words,  the  segments  become  narrower  with  increasing  nmber  and  eventually  would  be  narrow 
enough  to  pass  through  the  measurement  volune  before  a  particle  could  travel  from  focal  point  to  focal 
point.  This  would  mean  that  the  measured  flight  time  was  only  an  average  ewer  the  segment  width  and 
thus  no  better  accuracy  could  be  obtained.  The  ratio  of  the  segment  traverse  time  to  the  particle  flight 
time  is  determined  by 


tfl  n  M  B  s 

In  the  present  application,  the  ratio  t^/t^  was  greater  than  5  at  the  worst  (c  =  100  m/sec) . 

Another  error  due  to  the  finite  width  of  the  measurement  segments  occurs  when  there  is  a  gradient  of  the 
flow  velocity  or  angle.  If  it  is  assured  that  the  collected  L2F  events  are  uniformly  distributed  from 
side  to  side,  i.e.  circumferential ly  within  the  segment,  a  linear  gradient  of  the  velocity  does  not  alter 
the  computed  mean  values,  but  it  does  lead  to  ah  apparent  increase  of  the  turbulence  intensities.  An 
assessment  of  the  order  of  rragnitude  shewed  that  in  most  cases  the  apparert  turtxilence  le\«l  vas  in  the 
uncertainty  region  of  the  measured  turbulence  intensities.  However,  in  flow  regions  with  high  periodic 
fluctuations  and  low  turbulence  intensities,  e.g.  in  front  of  the  rotor  blade  leading  edge,  a  correction 
of  the  measured  turbulence  intensities  seems  necessary. 

In  an  axial  turbine  the  largest  velocity  ccnponents  can  be  expected  in  the  axial  and  circunferential 
direction,  but  actually  also  radial  velocity  components  occur.  These  are  caused  by  three-dimensional 
flow  effects,  e.g.  by  secondary  flews  or  tip  clearance  influence.  Due  to  the  lower  velocity  in  sta¬ 
tor  vane  wakes  a  radial  movement  towards  the  hub  occurs  as  a  consequence  of  the  reduced  radial  pressure 
gradient  (1].  By  means  of  five-hole  probe  measurements,  the  radial  flow  angles  behind  the  stater  of  the 
turbine  stage  were  found  to  be  less  than  ±  10°.  However,  if  the  velocity  in  the  mean  flow  direction  is 
decelerated  by  an  adverse  pressure  gradient,  e.g.  in  the  vicinity  of  the  blades  or  by  secondary-! low- 
induced  separation,  significantly  greater  radial  flow  angles  can  be  expected.  Additionally,  in  a  turbu- 
lent  flew,  radial  velocity  fluctuations  occur.  The  axial  length  of  the  measurement  volune,  which  was 
roughly  twice  the  distance  between  the  measuring  foci,  assured  that  the  present  configuration  of  the 
L2F  velocimeter  oould  be  applied  up  to  radial  flow  angles  of  ♦  30°.  This  was  sufficient  for  most 
of  the  measuring  locations  investigated.  In  seme  locations,  however,  even  with  very  leng  collecting 
times,  no  useful  results  could  be  obtained.  This  happened  mainly  very  close  to  the  side  walls  and  in  the 
vicinity  of  the  trailing  edges,  where  boundary  layer  separations  may  have  oocured.  Cne  way  to  oaxluct 
measurements  in  locations  with  high  radial  components  would  be  to  reduce  the  distance  between  the  local 
points  while  keeping  the  axial  measurement  volune  length  constant. 

Tt>  improve  the  signal  rate  and  thus  to  reduce  measuring  time,  additional  seeding  was  introduced  into  the 
test  air.  The  seeding  particles  were  oil  droplets  (mean  diameter  about  0,07  um,  see  [4]),  which  had  an  ex¬ 
cellent  flcw-fallcwing  behaviour .  They  were  injected  into  the  flew  through  a  seeding  probe.  The  positio¬ 
ning  of  the  seeding  probe  vas  sometimes  a  difficult  problem.  As  shown  in  Fig.  3  the  position  of  the  seed¬ 
ing  probe  depends  on  the  measuring  location  (e.g.  A  or  B)  according  to  the  flew  path  in  the  absolute 
frame.  Problems  occur  due  bo  the  different  stator  positions  established.  The  seeded  flow  path  often  in¬ 
teracts  with  the  stator  blades  and  is  thus  destroyed.  A  two-axis  positioning  of  the  probe  was  required 
in  order  to  optimize  the  signal  rate  at  each  measuring  location.  Certainly,  there  was  not  the  same  im¬ 
provement  of  the  signal  rate  at  all  measuring  locations.  Close  to  the  walls  and  especially  in  separation 
zones  only  a  reduced  seeding  particle  rate  was  obtained  because  of  the  lower  mass  entrainment  from  the 
main  flow.  In  such  flow  regions  the  measuring  time  increased  significantly. 

DATA  EVALUATION  IN  UNSTEADY  ROTOR  FLOW 

The  unsteady  distribution  of  the  flew  quantities  in  or  near  a  rotor  blade  channel  is  determined  by  the 
circumferential  position  of  the  rotor  wheel  relative  to  the  stator  vanes.  Therefore,  in  a  turbine  rotor 
with  a  number  of  blades  which  is  not  an  integer  multiple  of  the  stator  vane  count,  we  have  a  different 
flew  in  each  rotor  charnel  at  each  instant  in  time.  An  observer  moving  with  the  rotor  wheel  would  see 
this  in  any  particular  channel  as  an  unsteady  flow  which  is  periodic  with  stator  vane  frequency.  However , 
the  L2F  system  is  an  observer  who  is  looking  f ran  the  absolute  (stator)  reference  system  and  a  special 
procedure  is  necessary  to  transform  the  measured  data  into  the  rotor  reference  system. 

In  the  case  of  rotor  flew  analysis ,  it  is  generally  necessary  to  transform  the  measured  flow  quantities 
frem  the  absolute  to  the  relative  frame  of  reference.  Fbr  mean  velocity  and  flow  angle  this  can  be  easily 
done  by  use  of  velocity  triangles  with  the  assumption  of  constant  rotor  speed.  The  mean  squares  of  ran¬ 
dom  velocity  fluctuations,  vhich  are  a  measure  of  turbulence  Intensity,  are  parallel  aixi  per¬ 

pendicular  to  the  mean  (absolute)  flew  direction.  The  derivation  in  the  appendix  shows,  however,  that  to 
oanpjte  the  mean  squares  of  the  randan  velocity  fluctuations  in  any  o*ter  direction,  e.g.  in  the  relative 
frame  of  reference,  it  is  necessary  to  know  the  mean  square  of  the  mixed  product  of  the  velocity  fluctu- 
aties  ci*  c^  )  i.e.  the  shear  catponent  of  the  Reynold  s  stress  tensor. 


Generally  it  is  possible  to  determine  C| '  by  evaluation  of  the  ocnplete  two-dimensional  probabili¬ 
ty  density  function  of  c.  and  c.  in  each  measurement  segment,  but  actually  this  means  an  increase  of  the 
measuring  time  by  at  least  a  factor  of  10  [8) .  A  ccuplete  mapping  of  a  turbine  rotor  would  become  an 
expensive  venture  in  this  case.  However,  as  it  is  shorn  in  the  appendix,  the  sun  of  the  naan  squares  of 
randan  fluctuating  velocity,  which  is  a  measure  of  total  (2D)  turbulent  kinetic  energy,  is  invariant  for 
arbitrary  rotations  of  the  reference  system: 
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Schodl  shewed  in  {8]  that  the  mean  square  of  the  randan  velocity  fluctuations  parallel  to  the  mean 
(absolute)  flew  direction  is  determined  with  greater  accuracy  than  the  mean  square  of  the  perperciicular 
fluctuations  for  high  values  of  turbulence  intensity.  FOr  this  reason  it  is  often  sufficient  to  assume 
isotropic  turbulence  and  to  use  as  a  measure  of  it. 

By  circumferentially  rotating  the  stator  vane  row  with  respect  to  the  laser  measuring  volute,  the  non- 
taxi  form  stator  exit  flow  can  be  examined  (Fig.  4  left).  Due  to  the  fact  that  for  constant  stator  position 
the  measured  data  for  each  of  the  16  segments  corresponds  to  another  stator-rotor  position  y  =  ^R  ~^S 

extensive  interpolation  is  necessary  to  evaluate  the  ocnplete  momentary  distribution  of  the  flow  quanti¬ 
ties  for  an  arbitrary  stator-rotor  position. 

In  Fig.  4  right  the  magnitude  of  the  stator- rotor  angle  cf  is  plotted  as  a  function  of  stator  circunferen- 
tial  position  and  measurement  segment  number  (segment  ruitber  1  here  corresponds  to  the  pressure  side  of 
the  blade  or  the  design  rotor  inlet  or  exit  stagnation  streamline,  and  the  higher  nurbers  move  to  the 
suction  side).  In  this  figure  each  segment  was  replaced  by  its  central  circumferential  angle (e.g. 
stator  position  A  was  highlighted.)  Stator-rotor  angles  <pof  magnitude  greater  than  the  s-utcor  pitch  can 
be  considered,  fran  periodicty,  as  caning  from  the  adjacent  channel.  By  this  arrangement  all  measurement 
positions  can  be  treated  as  belonging  to  a  single  stator  channel  and  the  individual  stator  positions 
fall  on  lines  with  an  angle  of  45°  upward  and  to  the  right,  when  the  scales  of  and<jPR  are  chosen  equal. 
Each  measurement  location  corresponds  to  a  group  of  measured  or  derived  flow  quantities ,  e.g.  the  magni¬ 
tude  of  the  relative  velocity.  Thus  it  is  possible  to  define  a  two-dimensional  discrete  function  for 
each  flow  quantity.  Ib  obtain  an  image  of  a  manentary  flow  situation  it  is  necessary  to  extract  the  res¬ 
pective  values  for  constant  stator-rotor  angle y.  As  can  be  seen  in  Fig.  4,  right,  a  maximan  of  4  nea- 
suranent  locations  vculd  be  available  in  this  arrangement  (  6  stator  positions)  without  further  inter¬ 
polation.  Moreover,  only  in  sane  discrete  stator-rotor  position  would  an  evaluation  be  possible.  However, 
it  is  known  that  the  flow  development  in  each  of  the  16  segments  proceeds  periodically  with  the  stator 
pitch.  Therefore,  in  each  segment,  the  data  from  all  stator  positions  can  be  used  for  an  interpolation 
algorithm  with  periodical  end  conditions ,  which  delivers  an  approximation  of  the  desired  flow  quantity 
for  arbitrary  stator— rotor  angle  Cf  .  Thus  for  all  possible  stator-rotor  positions  a  fine  grid  of  hase 
points  for  spatial  interpolation  in  the  circumferential  direction  becctres  available.  If  the  laser  ireasu- 
ranent  volone  was  positioned  within  the  rotor  blade  channel,  the  evaluation  procedure  is  identical  ex¬ 
cept  that  the  number  of  measurement  segments  is  reduced  by  the  blade  thickness  in  the  circanferential 
direction  (Fig.  2). 

Fig.  5  shews  the  history  of  the  relative  velocity  at  a  measurement  point  25%  of  axial  chord  in  front  of 
the  rotor  at  midspan  as  a  contour  plot  .The  diagram  was  developed  fran  the  arrangement  of  measuring  points 
in  Fig.  4,  right,  by  the  described  interpolation  procedure.  The  velocity  defect  within  the  vane  wake  is 
felt  in  only  sane  of  the  stator  positions  and  thus  appears  on  a  strip  with  45°  angle.  15] .  The  rotor  po¬ 
tential  influence  which  in  contrast  to  the  vane  wakes  also  acts  upstream,  is  already  weak  at  this  axial 
location.  Chly  a  slight  broadening  of  the  wake  is  noti cable  in  the  measurement  segments  which  are  influ¬ 
enced  by  the  rotor  leading  edge  pressure  field. 

Many  of  the  experimental  techniques  used  up  to  now  in  turbcroachinexy  are  based  on  procedures  with  high 
time  constants,  so  the  data  must  be  treated  as  mean  values.  This  is  especially  true  when  measurements 
are  executed  with  such  difficult  experimental  conditions  as  high  rotor  speed,  high  temperature  etc. 

Also  raoet  of  the  available  methods  for  flew  field  computations  produce  steady  state  solutions.  Fbr  com¬ 
parison  with  such  data,  averaging  of  the  L2F  results  can  be  performed  in  two  different  ways. 

Low  response  data  obtained  in  the  absolute  frame  of  reference  neglect  tie  unsteady  influence  of  the  ro¬ 
tor.  Corparable  L2F  data  are  confuted  by  averaging  over  all  measurement  segments  for  constant  stator  to 
lnser  volone  position  y>g.  (in  the  diagram  Fig.  4,  right,  this  means  averaging  along  the  4 5 “-lines) . 

Recently,  more  and  more  data  have  been  published,  which  were  obtained  with  rotor-fixed  probes  or  are 
oarputational  results  for  a  rotor  flew  field  in  steady  state  condition.  Here  tte  unsteady  effects  of  the 
stator  vane  rtw  (wake  or  potential  influence)  has  to  be  dropped.  This  can  be  achieved  by  averaging  the 
laser  data  in  each  individual  segment  for  all  stator  circumferential  positions  (this  means  moving  along 
the  horizontal  lines,  i.e.  <fR  =  const.,  in  the  diagram  Fig.  4,  right  ). 

EXPERIMB*EAL  APPARATUS  AND  PRESENTATION  OF  TYPICAL  RESULTS 

The  description  of  the  experimental  apparatus  and  the  presentation  of  results  from  a  test  turbine  are 
repeated  in  part  from  previous  papers  [2,3,5] ,  but  it  is  useful  here  to  show  sane  typical  results  of  the 
unsteady  turbine  flow  (to  illustrate  the  evaluation  procedure  just  described) . 

The  experiments  which  are  part  of  the  DFVLR  turbine  research  work  were  carried  out  with  a  single  stage 
oold  air  test  turbine  whose  blading  is  a  scaled  version  of  a  projected  gasgenerator  turbine  fran  MTD- 
Munich.  The  outer  diameter  is  0,45  m,  the  hub-to-tip-retio  0.756.  The  aspect  ratio  of  the  vane  is 
0.564,  that  erf  the  rotor  0.811;  the  corresponding  blade  nunbers  are  20  and  31.  The  axial  gap  is  54  nm 
at  taidspan  so  that  as  a  ronsequenoe  of  the  large  gap  upstream  potential  flow  effects  in  the  vane  are 
negligable.  Tte  turbine  was  run  at  a  speed  of  n  =  7800  rpa,  yielding  high  subsonic  maxiitum  flow  velocity. 
L2F  measuronents  vere  conducted  near  and  within  the  rotor.  Tte  position  of  the  L2F  velocimeter  itself  can 
be  adjusted  in  the  radial  and  axial  direction  as  previously  described,  in  order  to  cover  the  section  of 
interest,  seven  snail  plane  windows  in  the  casing  ate  staggered  in  the  axial  direction  (Fig.  6),  The 
casing  of  the  turbine  is  split  in  a  plane  between  stator  and  rotor;  both  parts  of  the  casing  can  rotate. 
By  rotating  the  part  with  the  windows  and  displacing  tie  L2P-velocimeter  in  the  axial  direction  into  the 
plane  of  the  respective  window,  each  position  of  the  rotor  flow  field  can  be  reached  except  those  which 
are  shadcMd  by  the  twisted  and  slightly  leaned  rotor  blade.  For  each  fixed  position  of  the  optical  axis 
of  the  velocimeter,  each  position  in  the  absolute  frame  of  reference  can  be  reached  by  rotating  the 
atream  part  of  the  casing  together  with  the  stator  vanes.  For  the  measurements  repeated  here  the  stator 
vane  is  divided  into  6  elements  (Fig.  7) .  In  the  axial  direction  7  measuring  planes  were  chosen,  of  which 
tw  are  in  front  of  the  rotor  blades  and  one  downstream.  There  were  9  to  11  radial  positions,  considering 


the  16  time-dependent  storage  segments  along  cne  rotor  pitch,  6x7x10x16  =  6720  items  of  information  on 
a  single  flow  property  at  a  given  operating  point  of  the  turbine  are  necessary  to  take  an  almost  com¬ 
plete  nap  of  the  rotor  flow  field,  provided  that  the  chosen  spacing  of  the  measurement  locations  is 
sufficient  for  a  reliable  interpolation. 

The  laser  beams  and  the  electronics  recording  the  signals  as  described  above  are  controlled  by  31  trigger 
signals  per  revolution  (corresponding  to  the  rotor  blades)  from  a  disk  mounted  on  the  shaft. 

Following  are  seme  typical  results  of  i2 F-meas uremen ts  fran  the  above  described  test  turbine.  Fig.  8  de¬ 
picts  a  typical  instantaneous  turbine  situation  between  stator  and  rotor.  In  an  axial  position  6%  axial 
chord  in  front  of  the  rotor  blades  at  midspan  both  the  dewnstream  wake  effects  of  the  sea  tor  vanes  and 
the  upstream  potential  flew  effects  of  the  rotor  blades  are  visible.  In  the  circumferential  turbulence 
distribution  the  frequency  of  the  stator  vanes  is  predominant;  the  maxiimm  values  of  the  dotted  Lire 
characterize  the  stator  vanes.  The  corresponding  velocity  distribution  (solid  line)  shows  that  the 
pressure  field  in  this  axial  position  is  governed  by  the  rotating  blades.  The  inhcmogeneity  of  the  sta¬ 
tor  outlet  flew  only  causes  weak  differences  in  the  periodic  velocity  distribution  near  the  rotor  blades 
but  these  differences  significantly  depend  upon  the  instantaneous  relative  position  of  rotor  to  stator. 

The  fact  that  the  circumferential  distribution  of  turbulence  near  and  vithin  the  rotor  is  mainly  oover- 
ned  by  the  frequency  of  the  stator  vanes  makes  the  measured  turbulent  kinetic  energy  a  suitable  parame¬ 
ter  with  which  to  follow  different  flow  material  from  specific  locations  in  the  stator  passages.  Fig.  9 
demonstrates  the  ->ssibility  of  following  the  stator  wakes  passing  the  rotor.  The  figure  depicts  the 
midspan  pattern  f  the  ccnpcnent  of  turbulent  kinetic  energy  c.  * 2  in  three  neighbouring  rotor  blade  passa¬ 
ges  for  an  art  jrary  instant  situation.  The  high  energy  valuesitypify  the  wake  material.  The  distribution 
shews  the  cheeping  of  the  woke  by  the  rotor  blades  and  the  deformation  and  turning  of  the  wake  segments 
passing  through  the  rotor  channels.  Overlaid  on  this  distribution  are  the  fluid  filanents  which  separate 
the  wake  from  the  undisturbed  flow  (5) .  The  solid  and  dotted  lines  reconstruct  the  movement  of  the  sta¬ 
tor  wake  by  determining  the  path  of  the  individual  fluid  particles.  The  solid  lines  reconstruct  the  move¬ 
ment  of  the  undisturbed  flow  whereas  the  dotted  lines  reconstruct  the  wake.  The  notion  of  a  fluid 
particle  which  enters  the  rreasuranent  region  is  described  by  a  step-by-step  application  of  the  correla¬ 
ted  data  w(t)  and  S (t) .  If  cne  determines  the  angular  position  of  the  rotor  at  which  the  particles  of 
a  certain  filament  from  the  absolute  system  first  reach  the  measurement  area,  then  the  subsegment  parti¬ 
cles  enter  the  first  axial  measuring  plane  later  at  other  positions  because  of  rotation  and  can  be 
followed  from  there  along  their  paths.  As  seen  by  an  observer  in  the  relative  system,  the  filament  enters 
the  rotor  region  with  the  absolute  inflow  angle  a!  and  strikes  first  on  the  forward  part  of  the  blade 
pressure  side  where  it  is  chopped  off.  Because  it  is  in  the  stagnation  region  of  the  blade,  the  newly 
created  end  of  the  filament  moves  more  slowly  than  the  following  particles  and  thus  the  filament  begins 
to  take  on  the  farm  of  a  bcw.  Within  the  entrance  part  of  the  rotor  the  2-dimensional  convective  deforma¬ 
tion  of  the  fluid  filaments  agrees  amazingly  well  with  the  distribution  of  fluctuation  energy?  the  in¬ 
creasing  divergence  further  downstream  is  due  to  3 -dimensional  effects  which  cannot  be  detected  by  the 
L2F-  veloc  imeter . 

Another  bipressive  result  gives  the  idea  of  the  rotor  secondary  flow.  Fiq.  10  depicts  the  instantaneous 
distribution  of  the  absolute  flew  angle  in  a  plane  perpendicular  to  the  axis  downstream  of  the  rotor. 

The  rotor  blade  trailing  edges  are  extrapolated  along  the  mean  design  direction  to  characterize  three 
adjacent  rotor  blade  passages.  The  regions  with  the  strongest  deviation  gradients  typify  secondary 
vertices  arising  in  the  rotor  blade  passages. 

Apart  fran  these  different  instantaneous  plots  it  may  be  useful  to  evaluate  mean  values.  Fig.  11  e.g. 
depicts  contours  of  time- integrated  fluctuation  energy  at  midspan.  The  dotted  lines  characterize 

the  axial  rotor  section  fran  leading  to  trailing  edge.  The  identical  contours  of  the  averaged  fluctua¬ 
tion  energy  are  repeated  in  the  absolute  frame  in  the  circumferential  direction  in  order  to  inprove 
the  visual  inpress  ion.  Individual  instantaneous  effects  of  the  rotor  blades  disappear.  The  outstanding 
result  shewn  in  this  graph  is  the  strong  turbulence  increase  in  the  entrance  region  of  the  rotor  within 
the  stator  woke  material. 

The  possibility  of  time  averaging  in  the  relative  frame  of  reference  is  demonstrated  in  Fig.  12.  Here 
the  individual  effects  of  the  stator  vanes  disappear.  The  graph  depicts  contours  of  "relative"  degree 
of  turbulence,  that  is,  the  results  are  calculated  by  referring  the  measured  randan  fluctuation  energy 
to  the  locally  measured  relative  flow  velocity.  The  high  turbulence  at  the  pressure  side  near  the  lead¬ 
ing  edge  may  be  of  interest  for  quasi  stationary  treatment  of  the  rotor  blade  boundary  layer. 

OCMCLUSION 

This  report  has  described  the  execution  and  evaluation  of  Laser-TWo- Focus  (L2F)  measurements  within  and 
near  the  rotor  blade  rew  of  a  single-stage,  cold-air  test  turbine.  By  apnlication  of  the  L2F  "Multi- 
Windcw”  procedure,  each  rotor  blade  pitch  is  circumferentially  divided  into  16  segments.  In  each  segment 
the  ensemble  averacjgd  2-D  flew  vector  as  vrell  as  the  mean  squares  of  the  randan  velocity  fluctuation 
parallel  and  perpendicular  to  the  mean  flew  direction  can  be  determined  by  statistical  evaluation. 

(The  arrangement  used  here  can  not  measure  the  radial  carponents. ) 

The  turbine  rotor  flow  is  periodically  unsteady,  even  in  the  relative  frame  of  reference,  because  of  the 
upstream  inlet  guide  vanes.  Tt>  record  the  unsteady  rotor  flow,  the  measuring  procedure  was  repeated  for 
different  circumferential  positions  of  the  laser  measuring  volume  relative  to  the  stator  vane  row.  The 
description  of  the  unsteady  flew  field  requires  a  sufficient  local  density  of  measuring  points  as  well 
as  an  adequate  chronological  resolution  in  order  to  ensure  the  accurate  reconstruction  of  all  possible 
rotor-to-stator  orientations.  The  discrete  measurements  are  evaluated  by  combining  chronological  ar*3 
spatial  interpolation  procedures. 

Possible  presentations  of  the  results  include  instantaneous  plots  of  the  ccnplete  flow  field  in  differ¬ 
ent  planes  of  the  rotor  blade  channel  as  well  as  local  distributions  of  time-averaged  results  in  the 
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absolute  and  relative  frame  of  reference.  By  integration  of  instaticnary  pathlines  the  convective  deform¬ 
ation  of  fluid  filaments  from  the  stator  vane  exit  flow  within  the  rotor  blade  channel  was  evaluated  and 
compared  with  the  instantaneous  distribution  of  turbulence  intensity. 
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The  mean  squares  of  the  randan  velocity  fluctuation  parallel  and  perpendicular  to  the  mean  (relative) 
velocity  are  defined  as 


(*l 


Vi  ) 


(a.  n 


tr 

From  Pig.  13, 


(A. 2) 


Then  follows 

.2  ,2 

W1  *  C1 


2--  --  22-- 
cos  (B-a)  -  c^'  sin  [2  (6-a)]  +  sin  (0-a) 


:1'2  sin2  (B-o)  +  c 


^  sin  ( 2  (6-ci))  +  °tr2  cos2  ( S-n ) 


and  because  a,  B  =  constant  (mean  values) 


wl'Z  =  cl'2  cos*  (u-a)  -  ci'  ctr  sin  [2  (B-a)]  +  ctr  sin  (0-a) 


,2 


■Ci'2 


sin2  (6-a)  +  c^*  ct£  sin  [2  (B-a)]  +  ct^.2  cos2  ( S— ci) 


(A. 3) 


(A. 4) 


Eg.  A.  4  shows  that  to  derive  the  desired  mean  squares  it  is  necessary  to  know  the  mean 
square  of  the  mixed  product  of  c,  1  and  c  '  ,  i.e.  the  tangential  component  of  the  Reynolds 
stress  tensor.  r 

However,  since 

Wl'2  +  =  ci'2  (sin2  (B-a)  +  cos2  (S-a) ) 


cl'  {sin  [2 (B-a)  -sin  2(B-a)]} 

.  ,2 

tr 

l* 


*  c  *2  (sin2  (B-a)  *  cos2  (B-a)) 


*  c. 


(A. 5) 


it  follows  that  the  sum  of  the  mean  squares  of  randan  velocity  fluctuations  parallel  and 
perpendicular  to  any  arbitrary  direction  is  invariant. 


velocity 
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Pig.1:  Velocity  record  as  seen  by  a 
rotor  blade 


Fig. 2:  Timing  diagram  of  the  multi 
window  controller 


Fig. 3:  Seeding  probe  position 
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Fig. 9:  Comparison  of  convective  deformation 
with  instantaneous  distribution  of 
fluctuation  energy  c ^  at  midspan 
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Fig. 11:  Contours  of  time  averaged 

fluctuation  energy  "cT1  in  the 
absolute  frame  (steady  state) 


Fig. 10:  Instantaneous  pattern  of  absolute  flow  dir  ction  a- 
at  rotor  outlet  (L2F-plane  7) 


Fig. 12:  Time  averaged  relative 
turbulence  level  in  the 
relative  frame  (steady 
state) 
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DISCUSSION 


M.L.G.OWfleW,  UK 

The  acceleration  through  the  passage  should  change  the  relative  magnitude  of  the  streamwise  and  transverse 
components  of  the  turbulent  energy.  Did  you  see  this  in  your  results? 

Author’s  Reply 

Analysis  and  reduction  of  our  test  data  is  still  under  way  and  we  have  not  yet  addressed  this  aspect,  although  we 
certainly  intend  to.  One  should  remember  also  in  regard  to  our  measurements  that  the  streamwise  components  are 
determined  with  greater  precision  than  the  transverse  ones,  and  that  both  components  of  fluctuating  energy  are 
measured  in  the  absolute  frame.  As  explained  in  the  paper,  there  is  no  way  to  transform  them  to  the  relative  frame 
knowing  the  shear  components  of  the  Reynolds  stress  tensor. 


R.E.York,  US 

Do  you  monitor  turbulent  intensity  or  turbulent  energy? 


Author’s  Reply 

The  movie  presents  the  two  components  of  kinetic  energy. 
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COMBINED  FRINGE  AND  FABRY-PEROT  LASER  ANEMOMETER  FOR  THREE  COMPONENT  VELOCITY 
MEASUREMENTS  IN  TURBINE  STATOR  CASCADE  FACILITY 

Richard  G.  Seasholtz  and  Louis  J.  Goldman 
National  Aeronautics  and  Space  Administration 
'  Lewis  Research  Center 

Cleveland,  Ohio  44135,  U.S.A. 


A  laser  anemometer  is  described  that  was  developed  for  use  in  a  508  mm  diameter 
annular  turbine  stator  cascade  facility.  All  three  velocity  components  are  measured 
through  a  single  restricted  optical  port,  both  within  the  stator  vane  row  and  downstream 
of  the  vanes.  The  measurements  are  made  through  a  cylindrical  window  in  the  casing  that 
matches  the  tip  radius  of  the  cascade.  The  stator  tested  has  a  contoured  hub  endwall 
that  results  in  a  large  radial  flow  near  the  hub.  The  anemometer  uses  a  standard  fringe 
configuration  (LFA)  with  a  fluorescent  aerosol  seed  to  measure  the  axial  and  circumfer¬ 
ential  velocity  components.  The  radial  component  is  measured  with  a  confocal  Fabry- 
Perot  interferometer.  The  two  configurations  are  combined  in  a  single  optical  system 
and  can  operate  simultaneously.  Data  are  presented  to  illustrate  the  capabilities  of 
the  system. 


ax»ay,a2  unit  vectors  in  Cartesian  coordinate  system 

CFPI  confocal  Fabry-Perot  interferometer 

dQ  diameter  of  probe  volume  between  1/e^  intensity  points 

FWHM  full-width  half-maximum  instrumental  bandwidth  of  CFPI 

f  focal  length 

fD  Doppler  shift  frequency 

€j)l ,2  Doppler  shift  frequencies  of  light  scattered  from  beam9  1  and  2 
*1,2  wave  vectors  of  incident  beams 

kQ  wave  number  (2 w/X) 

kg  wave  vector  of  scattered  light 

LFA  laser  fringe  anemometer  (AKA  dual-beam  laser  anemometer) 

Pq  inlet  total  pressure 

Ph,M  hub  static  pressure  at  station  M 

Rl#2  inner  and  outer  radii  of  annular  clear  aperture 

T0  maximum  transmittance  of  CFPI 

V  velocity  vector 

Vcr  critical  velocity  (fluid  velocity  at  Mach  1) 

VQ  velocity  magnitude 

Vr  radial  velocity  component 

Vfc  measured  transverse  velocity  magnitude 

Vx  axial  velocity  component 

Ve  circumferential  velocity  component 

aj  angle  between  fringe  normals  and  cascade  axis  (x  axis) 

B  one-half  beam  crossing  angle 

Afg  standard  deviation  of  angular  spectrum  of  incident  beams  (Eq.  (15)) 

Afp  standard  deviation  of  Fabry-Perot  bandwidth 

Aft  standard  deviation  of  laser  frequency  jitter 

Afpi  standard  deviation  of  Doppler  shifted  spectral  peak 


AfR 

standard 

deviation 

of 

Af  s 

standard 

deviation 

of 

AfT 

standard 

deviation 

of 

AVr 

standard 

deviation 

of 

c  deviation  of  mean  Doppler  shift  from  true  backscatter  shift  (Eq.  (8)) 

0  angle  between  optical  axis  and  flow  velocity 

6 3  angle  between  optical  axis  and  scattered  light  vector 

X  laser  wavelength 

o  one  standard  deviation 

$  angle  between  cascade  axis  (x  axis)  and  transverse  velocity  vector 

4>g  angular  coordinate  of  scattered  light  vector 

4/  angular  width  of  clear  aperture  in  mask  used  to  reduce  spectral  broadening 
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INTRODUCTION 

Modern  turbine  engine  designs  incorporate  geometries  that  generate  highly  three- 
dimensional  flow.  The  accurate  measurement  of  all  three  velocity  components  in  turbo- 
machinery  research  facilities  is  required  for  validation  of  new  three-dimensional 
computer  codes  under  development  at  the  NASA  Lewis  Research  Center  and  elsewhere  for 
modeling  internal  flow.  The  well-known  advantages  of  laser  anemometry  often  make  it 
the  best  method  for  obtaining  these  detailed  measurements  of  internal  flow  fields. 

The  preferable  approach  to  three-dimensional  laser  anemometry  is  to  measure  the 
three  orthogonal  velocity  components  directly  (Refs.  1  and  2).  This  generally  requires 
optical  access  from  two  orthogonal  directions  if  a  fringe  (LFA)  or  two-spot  anemometer 
is  employed.  Turbomachinery  research  facilities  rarely  permit  more  than  a  single 
(usually  small)  viewing  port.  With  this  typical  restricted  optical  access,  three- 
dimensional  measurements  become  much  more  difficult  (see  Ref.  3  for  a  discussion  of  the 
problem) . 

The  most  common  approach  to  three-dimensional  measurements  through  a  single  port  is 
to  measure  nonorthogonal  velocity  components  with  an  LFA  (or  a  two-spot  system)  (Refs.  4 
to  6).  However,  the  error  of  the  velocity  component  along  the  optical  axis  obtained 
from  this  approach  becomes  large  when  the  window  size  is  small  compared  to  the  distance 
from  the  window  to  the  measurement  region.  In  general,  it  is  desirable  to  have  an  angle 
between  the  axes  of  the  LFA  components  of  30®  or  more  (Ref.  7),  although  measurements 
with  angles  as  small  as  17®  have  been  reported  (Ref.  8).  Thus,  in  spite  of  the  advan¬ 
tages  of  the  LFA  technique,  its  limitation  to  the  measurement  of  transverse  components 
has  led  to  the  investigation  of  other  approaches  for  the  measurement  of  the  on-axis 
component. 

One  approach  to  measuring  the  component  along  the  optical  axis  is  the  reference- 
beam  heterodyne  technique.  Used  in  a  backscatter  configuration,  a  reference-beam  system 
directly  measures  the  on-axis  component.  This  method  has  been  combined  with  an  LFA 
(Ref.  9)  to  obtain  three-dimensional  measurements  in  a  low  velocity  jet.  However,  one 
difficulty  with  using  the  reference-beam  method  in  high  speed  flows  is  that  the  Doppler 
shift  i 8  about  4  MHz/m/sec  for  visible  laser  light.  This  results  in  Doppler  shift  fre¬ 
quencies  that  can  easily  exceed  the  frequency  response  of  most  common  photomultiplier 
tubes.  Another  fundamental  limitation  of  the  reference-beam  technique  is  expressed  by 
the  Antenna  Theorem  (Ref.  10),  which  states  that  the  maximum  effective  aperture  area  is 
limited  to  about  \2/U  where  ft  is  the  solid  angle  subtended  by  the  probe  volume  at 
the  receiver  aperture.  • 

Another  approach  for  measurement  of  the  on-axis  component  is  the  use  of  a  high 
resolution  optical  interferometer  to  directly  measure  the  Doppler  shift.  One  example  is 
the  measurement  of  the  optical-axis  velocity  component  in  rocket  exhausts  (Refs.  11  and 
12).  We  have  previously  shown  the  feasibility  of  using  a  confocal  Fabry-Perot  inter¬ 
ferometer  to  measure  the  optical-axis  (radial)  component  in  a  508  mm  diameter  turbine 
stator  (Ref.  13).  Also,  we  have  described  three-dimensional  velocity  measurements  in  a 
free  jet  with  the  Fabry-Perot  in  a  backscatter  optical  configuration  (Ref.  14).  Other 
reported  applications  of  laser  anemometry  with  interferometers  include  wind  tunnels 
(Refs.  15  to  18),  an  MHD  generator  (Ref.  19),  and  a  plasma  torch  (Ref.  20). 

Interferometric  measurement  of  the  Doppler  shift  shares  with  the  reference-beam 
heterodyne  technique  the  characteristic  of  providing  a  direct  measurement  of  the  on-axis 
velocity  component  in  a  backscatter  optical  configuration.  It  offers  the  advantage  of 
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having  essentially  no  upper  frequencv  limit,  which  is  important  in  high  speed  flows. 
(Actually,  the  use  of  an  interferometer  for  low  speed  flows  is  much  more  difficult  than 
for  high  speed  flows  because  of  the  requirements  of  an  interferometer  with  extremely 
high  resolution  and  a  laser  with  very  good  frequency  stability.)  Another  advantage  of  a 
confocal  Fabry-Perot  interferometer  is  that  the  amount  of  usable  scattered  light  is  not 
limited  by  the  Antenna  Theorem,  but  instead  by  its  light-gathering  power  (etendue) . 

This  advantage,  however,  tends  to  be  offset  by  its  relatively  low  transmission. 

The  subject  of  this  paper  is  a  new  three-dimensional  laser  anemometer  developed  for 
use  in  the  Lewis  508  mm  diameter  annular  turbine  stator  cascade  facility.  The  require¬ 
ments  for  the  anemometer  were  to  measure  the  three  velocity  components  through  a  single 
relatively  small  viewing  port  with  accuracy  of  1  percent  of  velocity  magnitude  and  1°  of 
flow  angles.  The  flow  in  the  cascade  is  in  the  high  subsonic  regime  with  a  significant 
radial  component  produced  by  a  contoured  hub  endwall.  (Tip  endwall  contouring  was  not 
used  because  of  the  difficulty  of  obtaining  optical  access  for  the  laser  system.* 
Furthermore,  it  is  necessary  to  measure  small  radial  velocity  components  in  the  presence 
of  large  axial  and  circumferential  components. 

Conventional  fringe-type  optics  using  fluorescent  seed  were  selected  for  measure¬ 
ment  of  the  transverse  velocity  components.  This  technique  has  previously  been  used  at 
NASA  Lewis  for  measurements  in  compressor  rotor  and  turbine  stator  test  facilities 
(Refs.  21  and  22).  After  an  evaluation  of  the  various  techniques  discussed  above  for 
measuring  the  third  component  (the  component  along  the  optical  axis),  a  scanning  con- 
focal  Fabry-Perot  interferometer  (CFPI)  was  chosen. 

in  this  paper,  the  Lewis  turbine  stator  facility  is  briefly  described.  An  analysis 
of  scattering  theory  as  it  pertains  to  velocity  measurements  with  an  interferometer  is 
presented  followed  by  a  description  of  the  optical  conf igurat ion  of  the  three-dimensional 
anemometer.  Data  acquisition  and  processing  ate  discv.ssed,  and  some  results  are  pre¬ 
sented  to  illustrate  the  capability  of  the  anemometer  in  the  cascade  facility. 


EXPERIMENTAL  FACILITY 
Stator  Cascade 

The  core  turbine  stator,  full-annular  cascade  included  an  inlet  section,  a  test 
section,  and  an  exit  section.  A  photograph  and  a  cross-sectional  view  of  the  facility 
are  shown  in  Figs.  1  and  2.  In  operation,  atmospheric  ait  was  drawn  through  the  inlet 
section,  the  blading,  and  the  exit  section  and  then  exhausted  through  the  laboratory 
altitude  exhaust  system.  The  cascade  is  described  completely  in  Ref.  23  and  briefly 
below. 

The  inlet  section,  consisting  of  a  bellmouth  and  a  short  straight  section,  was 
designed  to  accelerate  the  flow  to  uniform  axial-flow  conditions  at  the  vane  inlet. 

The  test  section,  for  this  investigation,  consisted  of  a  sector  of  four  vanes  that 
were  part  of  a  full-annular  ring  of  36  vanes.  The  annular  ring  is  shown  in  Fig.  3  and 
a  schematic  cross-sectional  view  is  shown  in  Fig.  4.  The  untwisted  vanes,  of  constant 
profile  from  hob  to  tip  had  a  height  of  47.625  mm  at  the  leading  edge  and  38.10  mm  at 
the  trailing  edge.  The  vane  axial  chord  was  38.23  mm  and  the  vane  stacking  axis  was 
located  at  the  center  of  the  trailing-edge  circle.  The  hub  endwall  contour  was  "s" 
3haped  and  the  coordinates  are  shown  in  Fig.  4.  The  tip  endwall  had  a  constant  diameter 
of  508  mm  and  was  not  contoured,  as  explained  in  the  introduction. 


Cascade  Flow  Conditions 

The  test  conditions  in  the  cascade  were  set  by  controlling  the  pressure  ratio 
across  the  vane  row  with  two  throttle  valves  located  in  the  exhaust  system.  A  hub 
static  tap  located  downstream  of  the  test  section,  where  the  flow  was  assumed  to  be 
nearly  circumferentially  uniform  (station  M,  Fig. 2),  was  used  to  set  this  pressure 
ratio.  For  this  investigation  the  hub-static  to  inlet-total  pressure  ratio  hj/Pq  vias 
maintained  at  a  value  of  0.724.  This  prevented  the  flow  from  becoming  supersonic  within 
the  cascade.  The  design  pressure  ratio  for  the  previously  tested  (Ref.  22)  cylindrical 
hub  endwall  configuration  (no  contour)  was  0.65  and  would  have  produced  supersonic  flow 
within  the  vane  passage  had  it  been  used. 


Windows 

A  cutout  in  the  test-section  outer  vane  ring  (Fig.  3)  provided  optical  access.  A 
second  cutout  was  located  downstream' of  the  vane  row.  The  windows  were  made  from  3.175 
mm  thick  window  glass.  They  were  formed  into  a  cylindrical  shape  that  matched  the  tip 
radius  by  sagging  them,  in  a  vacuum  furnace,  onto  a  machined  graphite  form.  The  vanes 
at  the  window  were  machined  to  the  tip  radius.  A  silicone  rubber  sealing  material  was 
used  to  seal  both  windows  to  the  cascade  housing  and  to  seal  the  vane  tips  to  the  win¬ 
dow.  At  the  vane  row,  the  window  covered  about  39°  in  the  circumferential  direction 
and  was  4  cm  high. 
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ON- AX IS  VELOCITY  COMPONENT  MEASUREMENT 


Scattering  Theory 


This  section  presents  the  theory  of  using  the  two  beams  of  a  conventional  fringe- 
type  anemometer  with  an  interferometer  to  measure  the  on-axis  velocity  component. 

Consider  two  beams  with  wave  vectors  k^  and  k2  incident  on  a  particle  moving 
with  velocity  as  shown  in  Fig.  5.  For  simplicity,  the  beams  are  assumed  to  lie  in 

the  x-z  plane  and  have  an  included  angle  2B.  (The  fringes  formed  by  the  beams  thus  have 
normals  in  the  x-direction  as  shown  in  Fig.  6.)  The  receiving  optics  aperture  is 
assumed  to  be  an  annulus  centered  on  the  bisector  of  the  beams  with  outer  radius  R2 
and  inner  radius  Ri  and  is  located  a  distance  f  (the  lens  focal  length)  from  the 
beam  crossing  position.  The  wave  vector  of  the  scattered  light  is  1TS .  Thus,  in 
Cartesian  coordinates  with  the  optical  axis  along  the  z-direction 

ki  2  *  kQ  (+  sin  (3  ax  +  cos  B  a2)  (1) 

k  *  k  (sin  6  cos  <t>  a  +  sin  0  sin  $  a  +  cos  0  a  )  (2) 

so  s  sx  s  sy  5  z 

V  *  VQ  (sin  0  cos  $  ax  4-  sin  6  sin  $  ay  +  cos  e  az)  (3) 

where  a^  denotes  the  unit  vector  in  the  i  direction  and  the  wave  number  k?  =  2  it/  A  - 
The  subscripts  1  and  2  refer  to  the  two  incident  beams,  and  the  first  subscript  corre¬ 
sponds  to  the  upper  sign. 

The  Doppler  shifts  of  the  light  scattered  in  direction  ks  are 
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+  sin  B  cos  $>J  +  Vr  (cos  0g  -  cos  fi)J 


(4) 


where  Vt  *  VQ  sin  0  is  the  transverse  velocity  component  and  Vr  =  V0  cos  0  is  the 
component  along  the  optical  axis  (the  radial  component  in  the  cascade) .  Note  that  the 
scattered  light  is  spread  over  a  range  of  frequencies  because  of  the  finite  extent  of 
the  light  collecting  aperture. 


The  mean  values  of  the  Doppler  shift  frequencies  of  the  scattered  light  collected 
over  the  full  annulus  are 


1  r*1  f2* 

<fDl,2>  *  n  J  J  fDl,2(V*s>  sin  9s  d*s  d6s 


where  (  )  denotes  the  expected  value,  and 

n  -  /V" 


is  the  solid  angle  of  collected  light.  The  limits  on  the  integration  over 
given  by 

01,2  *  180°  -tan"1{Rii2/f ) 

Carrying  out  the  integrations,  Eq.  (5)  becomes 

<fDl,2>=  ‘  A  [-  Vt  sin  13  cos  ♦  +  2(1  -  c>  vr] 


(5) 


(6) 


are 


(7) 


(8) 


where 


.  2  .  2 
sin  0^  -  sin  @2 

2 (cos  e1  -  cos  e2)  +  cos  B 

represents  the  deviation  from  pure  backscatter  and  is  generally  ((  1.  If  the  scattered 
light  from  the  two  beams  is  of  equal  intensity,  then  the  mean  value  of  the  frequency  of 
the  light  scattered  from  both  beams  integrated  over  the  annulus  is 

<fD>  *  5  (<fDl>  *  <fD2>)  -  -  I  11  -  e>  Vr  <9 

Thus,  the  mean  Doppler  shift  is  proportional  to  the  optical-axis  velocity  component. 

The  standard  deviation  of  the  Doppler  shift  frequency  of  the  scattered  light  is, 
in  general,  given  by 
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fifR  *  <(«D  -  <£d>>  2>1/2  (10) 

If  the  light  scattered  from  the  two  beams  is  pot  of  equal  intensity,  the  terms  in 
Eq.  (8)  proportional  to  Vt  will  not  cancel,  and  <f0>  will  not,  in  general,  be  pro¬ 
portional  to  Vr .  However,  note  that  if  the  velocity  is  in  the  y-z  plane  li.e.,  per¬ 
pendicular  to  the  fringe  normals  as  shown  in  Fig.  6),  $  *  90°  and  the  Doppler  shifts 
of  light  scattered  from  the  two  beams  are  equal  for  any  scattering  direction. 

Equation  (8)  in  this  case  reduces  to 
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Example 

For  the  annular  aperture  described  in  the  Optical  Layout  section, 

0X  *  176.3° 

02  *  174.7° 

B  «  1.134° 


e  =  0.00169 


To  estimate  the  spectrum  of  the  scattered  light,  we  can  let  0S  -  175.5°  (since 
varies  over  a  small  range)  and  assume  that  the  velocity  is  in  the  y-z  plane  ( $  = 
Then  the  Doppler  shift  frequency  given  by  Eq.  (4)  becomes 
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The  mean  value  of  the  Doppler  shift  is  (Eq.  (11)) 

?D>=  '  Vr 

and  the  spectral  width  due  to  the  receiving  optics  is  (Eq.  (10)) 


Af„ 


0.0785  z.^2,  vl/2y 


(sir 


9c  only 
90°)  . 


(12) 


(13) 


(14) 


For  light  collected  over  the  full  annular  aperture,  (sin2$s\l/2  =  1/^2.  For  example, 
if  Vt  =  250  m/sec  and  X  =  514.5  nm,  then  AfR  =  27  mHz. 


Mask  for  Reduction  of  Spectral  Width 


A  technique  for  reducing  the  spectral  width  caused  by  aperture  broadening  is  to 
introduce  a  mask  having  a  clear  aperture  angular  width  2y  as  shown  in  Fig.  6.  The 
mask  must  be  oriented  as  shown  to  ensure  that  the  mean  radial  velocity  measurement  is 
unbiased.  An  example  of  the  spectral  broadening  for  a  transverse  velocity  Vt  *  250  m/sec 
is  shown  in  the  following  table  for  several  masks. 


if 

deg 

<sin2*s>1/2 

AfR, 

MHz 

30 

0.294 

11 

45 

.426 

16 

60 

.542 

21 

90 

.707 

27 

If  the  flow  angle  <J>  *  90°,  then  the  spectrum  will  be  somewhat  broader  than  these 
values. 

One  word  of  caution  should  be  mentioned:  if  an  angular  mask  is  used  which  is  not 
properly  oriented,  then  the  mean  Doppler  shift  frequency  will  be  biased.  But,  if  no 
angular  mask  is  used,  the  mean  Doppler  shift  will  be  correct,  although  the  spectral 
width  will  be  greater. 


Other  Causes  of  Spectral  Broadening 

In  addition  to  the  spectral  broadening  discussed  above  caused  by  the  spread  in  the 
wave  vector  of  the  scattered  light,  four  other  factors  cause  broadening.  One  i3  the 
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inherent  instrumental  broadening  Af*.  For  the  purposes  of  this  paper,  Afj  is  approxi¬ 
mated  by  one-half  of  the  FWHM  bandwidth.  (The  FWHM  bandwidth  is  given  by  the  FSR 
divided  by  the  finesse,  so  Afy  •  30  MHz). 

Another  factor  is  jitter  in  the  laser  frequency  (Af^) ,  which  is  typically  about 
10  MHz  in  a  low-noise,  low-vibration  environment.  In  a  noisy  environment,  such  as  a 
test  cell,  the  jitter  will  be  greater.  This  jitter,  of  course,  likewise  affects  the 
unshifted  peak  and  the  Bragg  peak.  A  third  cause  of  broadening  is  the  angular  spectrum 
of  the  incident  beams,  which  is  given  by  (Ref.  24) 

&f B  *  Vt/<ird0)  (15) 

where  vt  is  the  transverse  velocity  and  d0  is  the  diameter  of  the  probe  volume. 

For  this  application,  AfB<l  MHz  an^  therefore  can  be  neglected. 

Finally,  fluctuations  in  the  flow  velocity  (i.e.,  turbulence)  cause  broadening  of 
the  measured  spectrum.  If  turbulence  broadening  is  greater  than  broadening  from  all 
other  effects,  then  the  spectral  width  can  be  used  as  a  measure  of  the  intensity  of  the 
radial  turbulence.  An  estimate  of  the  intensity  of  the  turbulence  fluctuations  of  the 
on-axis  velocity  component  is  then  given  by 

4fT  -  <Af2  -  Af|)1/2  (16) 

where  Af^  is  the  measured  width  (lo) ,  and  Afg  is  the  sum  of  all  other  broadening 
mechanisms  except  turbulence.  The  various  broadening  mechanisms  are  assumed  to  be 
independent  so  Afg  is  given  by  the  root-sum-square 

4fg  -  (Af2  .  Af2  +  Af2  +  Af£>1/2  (ID 

If,  for  example,  the  turbulence  is  isotropic  with  10  percent  intensity,  the  mean 
radial  velocity  is  zero,  and  the  transverse  velocity  is  250  m/sec,  then  the  turbulence 
fluctuations  of  the  radial  velocity  AVf  *  25  m/sec  and  AfT  ■  AVr/(\/2)  *  100  MHz. 

This  is  larger  than  the  broadening  usually  observed  due  to  other  causes j  and,  for  this 
case,  the  measured  width  could  be  used  as  a  measure  of  the  turbulence  intensity.  In 
practice,  the  broadening  due  to  the  laser  jitter  and  the  instrumental  bandwidth  can  be 
determined  from  the  width  of  the  spectral  peak  of  the  laser  light  scattered  from  the 
walls. 


LASER  ANEMOMETER  SYSTEM 
Optical  Layout 

A  photograph  of  the  optical  system  and  the  layout  are  shown  in  Figs.  7  and  8.  The 
argon-ion  laser  was  equipped  with  a  temperature  controlled  etalon  and  had  a  maximum 
output  power  of  0.8  W  at  a  514.5  nm  wavelength  with  a  vertically  polarized  TEMqq  trans¬ 
verse  mode  and  single  axial  mode. 

Lenses  Ll  and  L2  (focal  lengths  80  and  100  mm,  respectively)  function  as  mode¬ 
matching  lenses  to  position  the  beam  waists  at  the  focal  plane  of  lens  L3.  The  beam 
divider  (constructed  from  two  appropriately  coated  6.35  mm  thick  glass  plates)  split 
the  single  beam  into  two  equal  intensity  parallel  beams  (approximately  10  mm  separ¬ 
ation)  .  The  divider  was  mounted  in  a  motor  driven  rotary  mount,  so  the  orientation  of 
the  fringes  could  be  set  at  any  desired  angle.  A  half-wave  retardation  plate  (gear 
driven  by  the  mount  at  one-half  the  angle  of  rotation  of  the  divider)  was  located  at 
the  input  of  the  beam  divider  to  maintain  the  proper  linear  polarization  at  the  input 
of  the  beam  divider. 

The  two  parallel  beams  from  the  beam  divider  were  turned  by  mirrors  M3,  M4 ,  and 
M5.  Mirror  M4  was  elliptical  with  a  minor  axis  of  15.2  mm  and  major  axis  of  21.6  mm. 

The  parallel  beams  were  focused  by  lens  L3  (250  mm  focal  length,  46  mm  clear  aperture) 
to  cross  at  the  probe  volume  after  being  reflected  by  mirror  M5.  Mirror  M5  was  mounted 
on  a  motor  driven  goniometer  stage  with  axis  perpendicular  to  the  plane  of  the  optical 
table.  This  enabled  the  optical  axis  to  be  positioned  along  the  radial  direction  in 
the  stator  cascade. 

The  diameter  (1/e2  intensity)  of  the  probe  volume  was  about  100  pm  and  the  fringe 
spacing  was  13  pm  (about  8  fringes).  Light  scattered  from  particles  passing  through 
the  probe  volume  (after  reflection  by  M5)  was  collimated  by  lens  L3.  An  aperture  mask 
with  a  central  circular  stop  (diameter  32  mm)  was  used  to  reduce  the  effective  length 
of  the  probe  volume.  This  mask  blocked  50  percent  of  thp  full  clear  aperture  of  the 
collection  lens  L3,  which  means  the  receiving  optics  had  an  effective  f-number  for  light 
collection  of  f/6.  The  pair  of  lenses  L4  and  L5  (focal  lengths  160  and  60  mm,  respec¬ 
tively)  is  used  to  reduce  the  diameter  of  the  collimated  scattered  light  beam  to  17  mm. 
The  beam  is  then  split  with  a  dichroic  beam  splitter,  which  reflects  514.5  nm  wave¬ 
length  light  and  passes  the  longer  wavelength  fluorescence  orange  light. 

After  passing  through  a  long  wavelength  pass  filter  LWF  (to  remove  any  residual 
514.5  nm  light),  the  fluorescent  beam  is  focused  by  lens  L6  (100  mm  focal  length) 
through  a  100  pm  diameter  pinhole  (PH)  located  in  front  of  photomultiplier  PMT1  (RCA 
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4526).  The  signal  from  this  PKT  is  processed  by  a  counter-type  processor  to  provide 
velocity  components  transverse  to  the  optical  axis. 

The  light  reflected  by  the  dichroic  beamsplitter  is  light  elastically  scattered  by 
seed  particles  (i.e.,  not  fluorescence).  This  514.5  nm  wavelength  light  is  focused  by 
lens  L7  (100  mm  focal  length)  through  another  100  um  pinhole  and  a  16  nun  focal  length 
lens  (L8,  a  10X  microscope  objective).  A  narrow  band  laser  line  filter  (LLF)  removes 
any  residual  fluorescence  and  background  light  before  the  light  enters  the  confocal 
Fabry-Perot  interferometer  (CFPI) . 

The  CFPI  has  a  free  spectral  range  of  3  GHz  and  a  maximum  transmission  of  about 
10  percent.  The  measured  finesse  (ratio  of  free  spectral  range  to  instrumental  band¬ 
width)  was  about  50.  The  light  exiting  the  CFPI  was  detected  by  photomultiplier  PMT2 
(RCA  8850)  .  Photon  counting  electronics  provided  a  digital  count  rate  corresponding  to 
the  light  intensity  passed  by  the  CFPI.  (Additional  factors  to  be  considered  in  the  use 
of  a  CFPI  for  laser  anemoraetry  are  discussed  in  Ref.  13.) 

An  acoustic-optic  modulator  (Bragg  cell)  was  included  to  generate  a  reference 
signal  offset  from  the  laser  frequency  by  400  MH2.  The  200  MHz  Bragg  cell  frequency 
was  crystal  controlled  (the  second  order  diffracted  beam  was  used).  This  signal  was 
used  to  provide  a  calibration  signal  for  each  sweep  of  the  interferometer.  A  lens  (L9 ) 
was  used  to  collimate  the  beam  before  the  Bragg  cell. 

Acous t ic  shielding  was  necessary  to  reduce  vibration  of  the  laser ,  which  would 
cause  a  large  jitter  in  the  laser  frequency.  (The  acoustic  noise  level  near  the  cascade 
was  measured  at  105  dB.)  The  optics  and  laser  were  mounted  in  a  wood  box  covered  with 
a  layer  of  an  acoustical  foam  and  lead  composite.  The  weight  of  the  lead  shielding  used 
was  about  10  kg/m  . 


Positioning  System 

The  laser  and  optics  were  mounted  on  a  610  mm  by  1524  mm  by  64  mm  thick  aluminum 
optical  breadboard,  which  was  mounted  on  a  3  axis  positioning  system  with  a  12  gn 
positioning  accuracy  and  1  um  resolution.  The  positioning  system  controller  was 
locaated  in  the  test  cell  near  the  cascade  with  an  RS-232  serial  communications  link  to 
the  minicomputer  located  in  the  control  room.  In  addition  to  the  three  linear  stages# 
the  beam  divider  and  goniometer  mounted  mirror  were  also  controlled  with  this  system. 
This  provided  a  sufficient  number  of  degrees  of  freedom  to  allow  the  optical  axis  to  be 
directed  along  a  radial  line  throughout  the  test  region. 


Calibration  Procedures 

A  critical  requirement  for  obtaining  laser  anemometer  data  for  computer  code  veri¬ 
fication  is  the  accurate  determination  of  the  probe  volume  location  relative  to  the 
experimental  hardware.  For  the  stator  cascade  described  in  this  paper,  location  accu¬ 
racies  of  +25  ym  are  desired.  A  complicating  factor  in  achieving  this  accuracy  is 
that  the  stator  cascade  hardware  moves  relative  to  the  laser  anemometer  when  going  from 
no-flow  to  flow  conditions  and  when  the  ambient  temperature  changes.  Because  of  these 
reasons,  position  calibration  must  be  done  under  test  conditions.  The  needed  parameters 
are  the  coordinates  of  the  cascade  axis,  the  axial  position  of  the  leading  edge  of  the 
vane  row,  and  the  circumferential  location  of  the  suction  and  pressure  surfaces  of  the 
vanes  at  a  given  axial  position. 

These  parameters  are  determined  after  the  flow  has  been  set  to  the  test  operation 
condition  and  has  stabilized.  The  location  of  a  surface  is  determined  by  scanning  the 
probe  volume  through  the  surface  and  recording  the  intensity  of  the  collected  light. 

The  peak  in  the  measured  intensity  corresponds  to  the  center  of  the  probe  volume  being 
at  the  surface.  An  example  of  such  a  scan  is  shown  in  Fig.  9  for  determination  of  the 
hub  location.  The  actual  peak  location  is  estimated  using  a  least  squares  fit  of  the 
data  to  a  Gaussian  as  shown  in  the  figure.  By  making  several  radial  scans  through  the 
hub  at  different  circumferential  positions,  sufficient  data  is  acquired  to  calculate 
the  coordinates  of  the  cascade  axis.  The  other  parameters  are  determined  similarly. 
These  procedures  are  automatically  executed  to  minimize  the  loss  of  test  time. 

A  scan  through  a  normal  surface,  as  shown  in  Fig.  9,  also  shows  the  length  of  the 
probe  volume.  At  the  1/e2  intensity  points,  the  probe  volume  length  is  thus  about 
2.2  mm.  Of  course,  the  effective  length  of  the  measurement  region  can  be  less  than  this 
due  to  the  signal  processor  threshold  and  the  size  distribution  of  the  seed  particles. 

In  addition,  the  scattered  light  was  simultaneously  measured  in  both  optical  paths  to 
verify  that  the  probe  volumes  defined  by  the  fringe  and  the  Fabry-Perot  receiving  optics 
were  located  at  the  same  position.  The  peak  locations  were  within  0.25  mm. 

The  following  procedure  was  used  to  calibrate  the  fringe  orientation  relative  to 
the  vertical  axis  of  the  positioning  system.  A  50  \m  by  3  mm  air  slit  was  aligned 
parallel  to  the  positioning  system  vertical  axis  and  located  about  140  mm  from  the  probe 
volume.  The  positioning  system  was  used  to  twice  scan  thei  beams  horizontally  across 
the  slit.  The  transmitted  light  was  recorded  for  each  beam,  and  the  optical  system  was 
moved  vertically  between  the  two  scans  so  that  the  beams  were  at  the  same  position  on 
the  slit.  When  the  maximum  light  transmitted  by  the  slit  for  both  scans  occurred  at  the 
same  indicated  horizontal  position,  the  beams  lay  on  a  vertical  line  (fringe  normals 
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vertical).  By  rotating  the  beams  180° ,  the  angular  rotation  could  also  be  calibrated. 
The  goniometer  stage  was  calibrated  in  a  similar  manner.  The  fringe  spacing  (13.0  gm) 
was  determined  from  the  beam  crossing  angle  measured  by  scanning  the  two  beams  across 
the  air  slit  with  the  probe  volume  at  several  distances  from  the  slit. 


Seeding 

A  fluorescent  dye  aerosol  was  used  as  the  seed  material  for  these  tests.  This 
material  allowed  measurements  (using  the  technique  described  by  Ref.  25)  to  be  made  by 
the  LPA  part  of  the  system  close  to  the  hub,  the  vanes,  and  the  windows.  A  liquid  dye 

solution  (0.02  molar  solution  of  rhodaraine  6G  in  a  50-50  mixture,  by  volume,  of  benzyl 

alcohol  and  ethylene  glycol)  was  atomized  with  a  commercial  aerosol  generator.  The 

aerosol  was  injected  through  a  6  mm  diameter  tube  into  the  flow  at  the  entrance  of  the 

bellmouth. 

The  fluorescence,  because  it  is  broadband,  is  only  usable  for  the  fringe  measure¬ 
ments  and  not  for  the  Fabry-Perot  measurements.  As  a  consequence,  transverse  component 
measurements  could  be  made  closer  to  surfaces  than  could  radial  component  measurements. 
The  Fabry-Perot  measurements  could  be  made  to  within  3  mm  of  the  hub.  Previous  work 
(Ref.  23)  in  a  turbine  stator  cascade  with  a  similar  optical  system  using  fluorescence 
allowed  fringe  measurements  within  1  mm  of  the  hub.  Of  course,  it  is  also  possible  to 
use  elastically  scattered  light  for  both  the  LFA  and  Fabry-Perot  measurements.  One 
would  just  substitute  an  ordinary  beamsplitter  for  the  dichroic  beam  splitter  and  use 
nonf luorescent  seed. 


DATA  ACQUISITION 

A  minicomputer  was  used  for  experiment  control  and  data  acquisition.  It  was  also 
used  to  generate  on-line  displays  of  the  data  so  that  the  system  could  be  monitored  for 
proper  operation. 


Fringe  Signal 

The  fringe  signal  from  PMT1  was  processed  with  a  counter-type  processor  using  four 
cycles  of  the  Doppler  burst.  The  counter  output  data,  consisting  of  Doppler  frequency 
and  time-between-measurements,  were  transferred  to  the  minicomputer  via  a  DMA  interface 
having  a  maximum  transfer  rate  of  about  200  kHz.  Data  were  taken  at  several  fringe 
orientations  at  each  measurement  position.  For  this  experiment,  the  maximum  number  of 
fringe  orientations  was  limited  to  seven  by  the  available  minicomputer  memory.  The 
fringe  orientations  were  selected  at  10°  intervals  and  bracketed  the  predicted  flow 
angle.  At  each  fringe  orientation,  1000  data  pairs  were  taken.  The  frequency  data 
(corresponding  to  velocity  components)  were  stored  in  256  bin  histograms  for  later  off¬ 
line  processing.  Typical  data  rates  ranged  from  1  to  5  kHz. 


Fabry-Perot 

Data  from  the  Fabry-Perot  interferometer  were  obtained  by  scanning  the  passband 
over  a  frequency  range  that  included  the  laser  frequency,  the  Doppler  shifted  frequency 
of  light  scattered  from  seed  particles,  and  the  Bragg  shifted  reference  frequency.  A 
linear  ramp  generator,  which  produced  a  sawtooth  waveform  with  adjustable  period,  ampli¬ 
tude,  and  DC  offset,  was  used  to  scan  the  interferometer.  The  data  from  the  photon 
counting  electronics  were  stored  in  256  bin  histograms;  each  bin  contained  the  number  of 
counts  in  1/256  of  the  sweep  duration.  An  adjustable  number  of  repetitive  sweeps  was 
used  to  build  a  composite  histogram.  Typically,  20  sweeps  of  1  sec  duration  were  used. 
Each  sweep  was  examined  by  the  computer  to  determine  the  bin  number  of  the  peak  corre¬ 
sponding  to  the  Bragg  reference  peak.  The  data  were  then  offset  to  place  the  Bragg 
peak  at  a  predetermined  bin.  This  technique  was  used  to  eliminate  the  effect  of  drift 
in  the  laser  frequency  for  data  taken  over  long  time  intervals.  It  was  found  to  be 
desirable  to  take  data  over  several  seconds  to  reduce  biasing  caused  by  short  term 
variations  in  the  rate  of  seed  particles  passing  through  the  probe  volume.  (The 
observed  variation  in  the  data  rate  was  believed  to  be  caused  by  random  cross-flow  at 
the  entrance  of  the  bellmouth  where  the  seed  was  injected.) 

If  the  radial  velocity  is  near  zero,  the  above  technique  is  not  applicable,  but 
the  following  previously  reported  (Ref.  14)  technique  can  be  used.  In  that  situation, 
the  signal  from  the  seed  particles  overlaps  the  zero-shift  signal  from  the  laser  light 
scattered  from  the  cascade  walls.  To  extract  the  desired  signal,  two  histograms  are 
constructed:  one  with  the  seeding  turned  on  and  one  with  the  seeding  off.  The  histo¬ 
grams  are  subtracted  during  the  data  processing  to  give  a  difference  histogram  that  con¬ 
tains  only  the  desired  signal.  (Of  course,  the  noise  from  the  removed  peaks  remains.) 
For  the  result  presented  in  this  paper,  this  technique  was  not  used.  It  would  be 
necessary  for  surveys  taken  farther  from  the  contoured  hub. 
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EXPERIMENTAL  RESULTS 


Fringe  Data 

The  fringe  data  were  stored  in  histogram  form  -  one  256  bin  histogram  for  each 
fringe  orientation  at  each  probe  volume  position.  A  typical  histogram  is  shown  in 
Fig.  10.  The  mean  velocity  and  flow  angle  of  the  projection  of  the  velocity  in  the 
axial-circuraferential  plane  were  obtained  uring  a  two-9tep  procedure.  First,  each  of 
the  histograms  was  least-squares  fit  to  a  Gaussian  function  to  get  estimates  of  the  mean 
transverse  velocity  components  V  as  a  function  of  the  fringe  orientation  a-j . 

These  Gaussian  histogram  fits  also  provided  estimates  of  the  standard  deviations  of  the 
flow  fluctuations  as  a  function  of  angle. 

The  second  step  was  to  determine  the  transverse  velocity  magnitude  Vt  and  flow 
angle  These  were  found  using  the  procedure  described  in  Ref.  22,  where  Vt  and 

4  are  found  using  a  least  squares  fit  to  (Fig.  11). 

V  =  V  cos ( $  -  a . )  (18) 

3 

The  axial  and  circumferential  components  are  then  given  by 


Vx  =  Vt  cos  4,  Ve  =  Vt  sin  $  (19) 

Deviation  of  the  data  from  the  cosine  model  function  provides  an  indication  of  angle 
biasing  errors.  Angle  biasing  is  caused  by  a  variation  of  data  rate  with  flow  angle, 
which  causes  the  components  at  large  angles  from  the  mean  flow  direction  to  be  biased 
high  (Ref.  26). 


In  addition  to  the  Gaussian  fit,  the  velocity  components  and  standard  deviations 
were  directly  calculated  from  the  histograms.  The  direct  calculation  usually  gave 
velocity  components  very  close  (within  0.5  percent)  to  those  obtained  from  the  Gaussian 
fit,  but  the  standard  deviations  tended  to  be  larger  (typically  5  to  10  percent  larger). 
This  was  probably  a  result  of  stray  data  on  the  tails  of  the  histograms.  Hence,  the 
results  obtained  from  the  Gaussian  fit  were  used. 


Fabry-Perot  Data 

For  simplicity,  no  angular  mask  was  used  in  the  Fabry-Perot  receiving  optics 
(i.e.,  41  «  90°),  so  light  was  collected  over  the  full  annulus.  The  spectral  broaden¬ 
ing  due  the  receiver  aperture  is  thus  given  by  Eq.  14.  Data  was  taken  at  each  of  the 
fringe  orientations  used  for  the  fringe  measurement;  no  appreciable  differences  was 
noticed  in  the  spectral  widths. 

The  Fabry-Perot  histograms  consisted  of  three  spectral  peaks  (Fig.  12).  The  right 
peak  is  a  result  of  unshifted  laser  light  scattered  from  surfaces  near  the  probe  volume; 
its  amplitude  is  a  function  of  position  of  the  probe  volume.  The  left  peak  is  the 
reference  peak  from  the  Bragg  cell;  it  is  shifted  400  MHz  from  the  right  peak  and  its 
amplitude  could  be  controlled  by  the  drive  voltage  on  the  Bragg  cell.  The  center  peak 
corresponds  to  the  Doppler  shifted  light  scattered  from  the  seed  particles.  Estimates 
of  the  frequencies  of  the  three  peaks  were  obtained  by  a  least-squares  fit  of  the  data 
to  a  three  peak  Gaussian  function.  The  Doppler-shif t  frequency  of  the  light  scattered 
from  the  seed  particles  is  thus  proportional  to  the  separation  between  the  center  and 
right  peaks,  and  the  mean  radial  velocity  is  then  given  by  Eq.  9. 

It  is  also  possible  to  obtain  an  estimate  of  the  intensity  of  the  radial  velocity 
fluctuations  as  discussed  in  the  section  Other  Causes  of  Spectral  Broadening.  For  this 
test,  the  width  (lo)  of  the  non-Doppler  shifted  peak  was  about  40  MHz,  which  included 
broadening  due  to  laser  jitter  and  the  instrumental  bandwidth  of  the  Fabry-Perot.  The 
receiving  aperture  broadening  Afp,  which  depends  on  the  transverse  velocity,  was  less 
than  30  MHz.  Thus,  the  sum  of  all  broadening  effects  except  turbulence  was  less  than 
about  50  MHz.  This  is  less  than  the  observed  width  of  the  Doppler-shifted  peak,  so  an 
estimate  of  the  radial  component  fluctuations  can  be  calculated  using  Eq.  16.  For  the 
histogram  shown  in  Fig.  12,  the  rms  radial  velocity  fluctuations  were  approximately 
7  percent  of  the  velocity  magnitude. 


Survey  Data 

An  example  of  the  measurement  of  the  three  velocity  components  is  shown  in  Fig.  13. 
These  data  show  a  circumferential  scan  between  the  suction  and  pressure  surfaces  of  the 
vanes  at  80  percent  axial  chord  and  10  percent  span;  this  location  is  close  to  the 
center  of  the  contoured  section  of  the  hub  where  a  relatively  large  radial  velocity  com¬ 
ponent  exists.  The  figure  shows  data  taken  on  two  dates  as  well  as  the  results  of  a 
three-dimensional  inviscid  computer  code  (Ref.  27).  The  DENTON  computer  program  is  a 
time  marching  finite  volume  solution  of  the  Euler  equations.  Shown  are  the  axial  com¬ 
ponent  V*,  the  circumferential  component  Vq,  and  the  radial  component  Vr.  Also  shown 
is  the  velocity  magnitude  V0.  These  are  normalized  with  respect  to  the  critical 
velocity  Vcr  to  eliminate  differences  due  to  am'  ient  temperature  changes  between  the 
measurements  performed  on  different  days. 
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The  trends  in  the  experimental  measurements  and  the  agreement  with  the  theoretical 
calculations  are  quite  reasonable  and  encouraging.  However,  these  preliminary  results 
are  only  intended  to  illustrate  the  capability  of  the  anemometer  and  are  not  meant  for 
code  verification  purposes. 


CONCLUDING  REMARKS 

The  laser  anemometer  described  in  this  paper  is  shown  as  a  viable  means  of  measur¬ 
ing  the  three  mean  velocity  components  in  an  annular  turbine  stator  facility.  The  addi¬ 
tion  of  a  confocal  Fabry-Perot  interferometer  to  a  conventional  fringe-type  anemometer 
allowed  the  measurement  of  the  radial  velocity  component  with  a  backscatter  configura¬ 
tion.  The  advantage  of  this  technique  compared  with  other  methods  of  measuring  the 
radial  component  is  that  it  does  not  require  a  large  optical  access  port.  An  important 
feature  of  the  anemometer  is  its  ability  to  measure  a  small  radial  velocity  component 
when  the  transverse  component  is  much  larger. 

The  scanning  Fabry-Perot  interferometer  used  in  this  work  for  measurement  of  the 
radial  (optical-axis)  component  does,  however,  have  some  limitations  compared  with 
fringe  and  two-spot  anemometers  used  for  measurement  of  the  transverse  components. 

These  include  an  increased  data  acquisition  time,  an  inability  to  measure  time  history 
data,  the  need  for  an  acoustic  enclosure  to  protect  the  laser  from  the  high  acoustic 
noise  levels,  and  poorer  performance  near  walls.  Other  applications  having  more 
generous  optical  access  may  be  better  served  by  other  techniques. 
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Figure  L  -  Stator  cascade  facility. 
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Figure  2,  -  Schematic  cross-sectionat  view  of  core  turbine  stator  cascade  and  laser 
positioning  system. 


Figure  3,  -  Annular  wne  ring. 
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Figure  11.  -  IMS!  wuirn  fit  of  wloclty  compo- 


Figure  12.  -  FJbry-Perot  swlruro. 
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Figure  13.  -  Experimental  survey  data  and  Denton  code 
results. 


DISCUSSION 


R.Schodl,  GE 

( 1 )  What  is  the  velocity  resolution  in  the  low  speed  range  of  the  Fabry-Perot  system? 

(2)  What  are  the  smallest  particles  which  can  be  detected  by  this  system? 

Author's  Reply 

( 1 )  The  resolution  of  the  radial  velocity  component  measurement  depends  on  several  factors  including  the  transverse 
velocity  (which  broadens  the  spectrum),  the  turbulence  intensity,  and  the  amount  of  wall-scattered  light  that  is 
detected.  For  low  turbulence,  the  resolution  should  be  I  or  2  m/s.  Note  that  for  small  radial  velocities  (where  the 
spectral  peak  of  the  light  scattered  from  the  seed  particles  overlaps  the  spectral  peak  of  the  wall  scatter)  the  seed 
rate  modulation  techniques  described  in  reference  1 3  must  be  used. 

(2)  Unlike  the  fringe  and  two-spot  systems,  the  Fabry-Perot  signal  is  due  to  all  particles  passing  through  the  probe 
volume.  The  effective  size  is  thus  given  by  the  particle  size  distribution  weighted  by  the  scattering  cross  section. 
The  size  can  be  very  small  for  a  large  volume  of  small  particles. 


R. Elder,  UK 

What  is  the  measurement  volume  size  and  can  it  be  readily  reduced? 

Author's  Reply 

The  probe  volume  diameter  is  100  pm  and  the  length  is  2.2  mm.  The  length  is  given  by  the  distance  between  the  c“: 
detected  light  power  points  as  the  probe  volume  is  scanned  through  a  surface  normal  to  the  optical  axis  (figure  9).  The 
probe  volume  size  could  be  reduced  by  any  of  the  following:  either  a  smaller  probe  volume  diameter  (and 
corresponding  field  stop),  or  a  larger  lens  aperture  (i.e.  a  faster  lens),  or  a  larger  central  aperture  stop. 
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SUMMARY 

Velocity  and  temperature  measurements Jhave  obtained  in  a  can-type  combustor 

operating  at  near  atmospheric  pressure.  Velocity  characteristics  were  determined  with 
a  laser  Doppler  velocimeter  and  a  digitally  compensated  fine  bare-wire  thermocouple 
was  used  to  measure  the  mean  and  rms  values  of  temperature  fluctuations.  This  paper 
emphasises  the  experimental  methods,  identifies  the  main  sources  of  imprecision, 
evaluates  the  estimate  of  the  related  errors  and  presents  sample  results  so  as  to  dem¬ 
onstrate  the  effect  of  air-fuel  ratio  on  the  velocity  and  temperature  characteristics 
of  the  combustor.  -> 

The  imprecision  in  velocity  measurements  was  mainly  associated  with  statistical 
errors  and  velocity  gradient  broadening  effects  due  to  the  finite  size  of  the  measure¬ 
ment  volume.  .The  maximum  statistical  errors  were  of  the  order  of  2  and  3%  for  the 
mean  and  rms  values  and  the  broadening  effects  can  lead  to  overestimation  by  up  to  25*  in 
the  rms  values  of  the  swirl  velocity  component  near  the  swirl  centre. 

-The  error  in  the  mean  temperature  was  mainly  due  to  radiation  losses  which  mono- 
tonically  increased  with  temperature  a#d  were  less  than  8%.  The  catalytic  effects 
were  small  and  limited  to  regions  close  to  the  fuel  injector,  causing  a  maximum  increase 
in  the  mean  temperature  by  no  more  than  70  K.  The  uncertainties  in  the  time  constant 
resulted  in  a  maximum  error  in  the  rms  values  of  the  order  of  7%. 

The  effect  of  AFR  on  the  velocity  and  temperature  characterist ics  was  relatively 
weak  in  the  primary  zone  of  the  combustor.  ^The  effect  became  progressively  more  pronounced 
at  downstream  locations  with  increased  temperatures, thus  reduced  densities,  associated 
with  lower  air-fuel  ratios  resulting  in  higher  mean  and  rms  velocities. 


1.  INTRODUCTION 

The  experimental  investigations  of  references  1  to  4  focussed  attention  on  flows  in 
idealised  axisymmetric  combustors  and  provided  important  information.  Isolation  of  a 
certain  part  of  the  combustor  field  does  not,  however,  allow  representation  of  the 
links  between  the  fuel,  primary  jet,  dilution  jet  and  exit  flows  of  a  real  combustor 
and  there  is  growing  evidence,  for  example  reference  5,  that  slight  changes  in  combustor 
geometry  can  alter  combustor  performance.  Although  the  calculation  method  of  reference 
6  provides  the  foundation  for  interpolating  and  extrapolating  the  experimentally 
acquired  information,  they  embody  approximations  which  have  to  be  tested  against 
measurements.  References  7,  8  and  9  provided  experimental  information  in  a  can-type 
combustor  configuration  of  immediate  practical  relevance  and,  by  so  doing,  increased 
understanding  of  the  salient  processes  and  at  the  same  time  assisted  the  development  of 
calculations  methods  for  predicting  the  flow  in  complex  combustor  geometries. 

Reference  7  reports  on  the  temperature  and  composition  measurements  in  the  present  can- 
type  combustor  and  references  8  and  9  provide  more  detailed  information  on  the  velocity, 
temperature  and  species  characteristics  of  the  combustor  for  a  w^de  range  of  air-fuel 
ratios  with  and  without  preheat.  The  water  model  of  reference  10  allows  detailed 
information,  through  increased  optical  access,  on  the  isothermal  velocity  field  of  the 
present  combustor. 

The  main  purpose  of  this  work  is  to  describe  in  more  detail  the  experimental 
methods  previously  used  to  measure  the  velocity  and  temperature  characteristics,  to 
identify  the  main  sources  of  imprecision  associated  with  the  techniques,  to  evaluate 
the  estimates  of  the  related  errors  and  finally  to  present  some  sample  results  so  as  to 
demonstrate  the  effect  of  air-fuel  ratio  on  the  velocity  and  temperature  field  of  the 
combustor . 

The  following  section  provides  a  brief  description  of  the  combustor  geometry  and 
gives  a  detailed  account  on  the  experimental  methods  and  their  accuracy.  The  third 
section  presents  and  discusses  the  results  and  Section  4  summarises  the  main  conclusions 
of  the  work. 
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2 .  EXPERIMENTAL  SYSTEM 

2 . 1  Flow  Configuration 

The  combustor  used  In  the  present  study  Is  shown  in  Figure  1  and  is  a  model  of  the 
low-emission  can-type  combustors  described  in  reference  5.  It  is  identical  to  that  of 
references  7,  8  and  9,  is  fabricated  from  a  laminated  porous  sheet  metal,  known  as 
"Transply",  and  consists  of  a  hemispherical  head  followed  by  a  circular  barrel  of 
74  mm  diameter  which  contains  the  rows  of  6  primary  and  12  secondary  dilution  holes. 

The  barrel  is  terminated  by  a  circular-to-rectangular  nozzle  as  shown  in  Figure  1. 

The  combustor  is  housed  in  a  plenum  to  provide  as  near  as  possible  a  uniform  flow 
through  the  dilution  holes.  The  swirler,  which  is  fitted  to  the  head,  comprises  18 
curved  vanes  oriented  at  45  degrees  and  the  resulting  swirl  number,  according  to  the 
definition  of  reference  11,  is  0.73.  The  fuelling  device  used  for  the  injection  of 
gaseous  propane  is  mounted  in  the  hub  of  the  swirler  and  contains  ten  1.7  mm  diameter 
holes  located  in  a  4.5  mm  radius  and  with  their  axes  at  45  degrees  to  the  axis  of  the 
combustor . 

The  combustor  was  operated  at  near  atmospheric  pressure  and  with  an  inlet  air 
temperature  of  312  K.  The  inlet  air  flow  rate  used  was  0.085  kg/s  which  resulted  in  a 
Reynolds  number  of  around  8  10*' ,  based  on  the  combustor  diameter.  Various  air-fuel 
ratios  (AFR)  were  used,  covering  a  range  from  40  to  70  which,  typically,  encompasses 
full-power  to  ground-idle  conditions  in  real  combustion  chambers.  The  fuel  used  was 
high  grade  gaseous  propane. 

2 . 2  Velocity  Measurements 

Velocity  measurements  were  obtained  by  a  dual-beam  laser  Doppler  velocimeter 
operated  in  forward-scatter  mode  as  schematically  shown  in  Figure  2.  The  transmitting 
optics  comprised  an  Argon-Ion  laser  operated  at  a  wavelength  of  514.5  nm  and  at  a 
power  ranging  from  50  mW  to  1  W  depending  on  flow  conditions  and  location,  a  beam 
splitter,  a  Bragg  cell  unit  which  provided  an  optical  frequency  shift  of  40  MHz,  a 
beam  displacer,  a  mirror  and  a  focussing  lens  of  500  mm  local  length.  The  collecting 
optics  consisted  of  a  lens  which  focussed  the  forward-scattered  light  on  the  pinhole 
of  a  photomultiplier.  The  main  optical  characteristics  of  the  laser  Doppler  veloci¬ 
meter  are  summarised  in  Table  1. 


Table  1 


Main  Optical  Characteristics  of  Laser  Doppler  Velocimeter 


Half  angle  of  beam  intersection  3.85 

Fringe  spacing  3.83 

2 

Length  of  measuring  volume  at  1/e  intensity  3.67 

2 

Diameter  of  measuring  volume  at  1/e  intensity  0.25 


2 

Number  of  fringes  in  measuring  volume  at  1/e  intensity  65 


degrees 

urn 

mm 

mm 


Optical  access  was  provided  by  quartz  windows  on  each  side  of  the  plenum  chamber 
and  through  the  primary  and  dilution  holes  as  depicted  in  Figure  2.  The  comparatively 
large  dimensions  of  the  measuring  volume  are  a  consequence  of  the  need  for  a  small 
intersection  angle  to  allow  the  beams  to  pass  through  the  primary  and  dilution  holes 
of  the  combustor. 

The  flow  was  seeded  with  fine  alumina  particles  with  a  nominal  diameter  less  than 
1.0  um,  dispersed  in  a  purpose  built  spark  discharge  particle  generator  ,  reference 
12.  When  the  optical  shift  was  employed,  the  Doppler  signals  from  the  photomultiplier 
were  downmixed  with  a  signal  from  an  electronic  frequency  shifter  and  resulted  in  an 
effectively  lower  frequency  shift,  variable  in  the  range  from  1  to  9  MHz  to  resolve  the 
directional  ambiguity  of  the  velocity  vector.  The  output  from  the  frequency  shifter 
was  band-pass  filtered  and  amplified  prior  to  its  input  to  a  frequency  counter.  At  the 
combustor  exit  Doppler  frequencies  encountered  were  sometimes  higher  than  the  maximum 
cut-off  frequency  of  the  frequency  shifter  (about  30  MHz).  When  this  has  occurred, 
both  the  Bragg  cell  and  the  shifte:  were  circumvented,  and  the  output  of  the  photo¬ 
multiplier  was  directly  input  to  the  counter  via  the  filter.  The  counter  was  inter¬ 
faced  with  a  microcomputer  which  performed  the  statistical  calculations  to  plot 
velocity  pdf's  and  obtain  mean  and  rms  valjes  of  velocity  samples  of  typically  3000. 

The  sampling  rate  was  software  controlled  with  a  maximum  value  of  around  20  KHz.  For 
the  measurements  presented  here,  however,  a  lower  value  of  0.1  KHz  was  used  to  mini¬ 
mize  the  bias  effects. 

Errors  incurred  in  the  measurements  of  velocity  arise  mainly  from  two  sources 
associated  with:  1)  finite  sample  statistics  and  2)  velocity  gradient  broadening 
effects  due  to  the  finite  measuring  volume  size.  The  effect  of  the  refractive  index 
gradients  associated  with  combustion  is  negligible  over  the  small  diameter  of  the 
present  combustor  (cf.  reference  13)  and  seeding  bias  effects,  reference  14,  were 
minimized  by  using  similar  seeding  particle  densities  in  the  fuel  and  air  lines  as 
suggested  in  reference  15.  Velocity  bias  effects,  see  for  example  reference  16,  were 


also  minimized  by  employing  the  relatively  slow  sampling  rate  of  0.1  KHz  (cf. 
reference  17);  in  general,  the  turbulence  intensities  were  lower  than  15%  in  most 
regions  and  the  sampling  interval  was  longer  than  both  the  expected  turbulence  time 
scale  and  the  particle  arrival  time. 

The  statistical  error  in  the  mean  velocity  value  associated  with  a  finite  sample 
size  (N)  is  dependent  on  the  local  turbulence  intensity  and  can  be  estimated,  within  a 
certain  confidence  limit,  according  to  reference  18,  by: 


(error>  .  !c/»I 

U  /N  u 


(1) 


where  ZQ  is  equal  to  2.0  for  a  95%  confidence  limit. 

For  example,  the  minimum  sample  size  of  2000  used  during  the  measurements  results 
in  a  statistical  error  in  the  mean  value  of  less  than  2%  in  the  regions  where  turbulence 
intensity  is  30%. 

The  corresponding  error  in  the  rms  value  is  independent  of  the  local  turbulence 
intensity  and  can  be  estimated  from; 


/2N 


(2) 


which  indicates,  with  the  95%  confidence  limit,  an  error  of  about 
sample  size  used  in  the  measurements. 


3$  for  the  minimum 


The  error  associated  with  velocity  gradient  broadening  effects  is  of  main  concern 
in  the  measurements  of  the  rms  value.  The  measured  rms  value  contains  contributions 
from  both  the  turbulence  and  the  spatial  variation  of  the  mean  velocity  across  the 
finite  length  (L)  of  the  measuring  volume.  The  contribution  associated  with  the  mean 
velocity  gradient  is  given,  from  reference  13,  by; 


■  u 


L  dU 
4  dr 


(3) 


and  the  associated  error  can  be  deduced  from: 

u* 

(error), -a  -  (1  +  —3) 1/2  -  1 

/  U  —  2 


(4) 


According  to  equation  4,  non-turbulent  broadening  effects  can  lead  to  over¬ 
estimation  by  up  to  25%  in  the  rms  values  of  the  swirl  velocity  component  in  regions 
close  to  the  swirl  centre.  In  most  parts  of  the  combustor,  however,  the  maximum  error  in 
the  rms  value  is  less  than  8%. 

With  the  assumption  of  insignificant  seeding  and  velocity  bias  effects,  it  is 
expected,  reference  14,  that  the  measured  velocity  averages  should  be  close  to  density 
weighted  averages.  In  reference  19,  for  example,  the  temperature  measurements 
obtained  in  a  premixed  flame  and  conditioned  with  velocity  measured  by  a  laser  Doppler 
velocimeter  are  closer  to  density  weighted  averages  and  thus  suggest  that  velocity 
averages  should  also  be  closer  to  density  weighted. 

2 . 3  Temperature  Measurements 


Temperature  measurements  were  obtained  with  an  uncoated  thermocouple  fabricated 
from  40  um  diameter  platinum,  13%  rhodium-platinum  wire  and  digitally  compensated. 

The  thermocouple  wire  was  supported  on  500  urn  diameter  wires  of  the  same  material 
cemented  in  alumina  (2.5  mm  O.D.  tube)  which  in  turn  was  placed  in  a  stainless  steel 
tube  of  4  mm  O.D..  The  output  of  the  thermocouple  was  differentially  amplified  by  a 
low  noise,  low  drift  amplifier  and  digitised.  The  samples  were  stored  in  the  memory 
of  a  microprocessor  at  a  rate  varying  between  5  and  13  KHz.  The  important  features 
of  the  electronic  circuit  are  shown  in  Figure  3. 

Details  of  the  compensation  arrangement  have  been  described  in  reference  19  for 
premixed  flames  with  the  following  differences.  In  this  case  with  a  non-premixed 
type  flame,  the  variation  of  the  time  constant  (r)  was  considered  to  be  dependent 
only  on  the  fluctuating  temperature  and  the  variations  with  velocity  and  mixture 
fraction  were  not  considered.  A  preliminary  investigation  in  non-premixed  propane 
bunsen-f lames  indicated  that  the  variation  of  the  time  constant  with  the  mixture 
fraction  was  unimportant  and  together  with  the  relatively  high  velocities  observed  in 
the  regions  downstream  of  the  primary  zone  justified  the  above  simplification  in  most 
parts  of  the  combustor.  A  linear  variation  of  the  time  constant  between  6  and  2  msec 
was  adequate  for  temperatures  from  300  to  2000  K  respectively. 

The  accuracy  of  the  compensation  procedure  can  be  determined  with  reference  to 
Figure  4  which  shows  the  frequency  analysis  of  the  thermocouple  response.  Figure  4{a) 


14-4 


shows  that  frequencies  up  to  2  KHz  in  the  measured  signal  are  still  distinguishable  from 
the  noise  level  of  the  system  and  Figure  4(b)  shows  the  compensated  spectrum 
associated  with  that  of  the  measured  signal  of  Figure  4(a).  The  shape  of  the  cumulative 
energy  distribution  for  r  -  t (T) ,  Figure  4(c),  indicates  that  the  frequency  spectrum 
up  to  about  1.8  KHz  contains  95%  of  the  total  energy,  which  is  within  the  frequency 
response  of  the  system.  The  uncertainty  in  the  time  constant  reflects  primarily  in  an 
error  in  the  rras  of  the  temperature  fluctuations  and  this  can  be  estimated  by  calculat¬ 
ing  the  consequences  of  a  systematic  error  of  10%  in  the  instantaneous  value  of  the 
time  constant  on  the  cumulative  energy.  In  addition  to  the  curve  obtained  with  the 
normal  compensation  procedure  (that  is  t  s  t (T) ) ,  the  cumulative  energies  associated 
with  a  fixed  mean  time  constant  of  4  msec  and  for  variations  of  ±10%  of  this  value 
(i.e.  t  =  3.6  and  4.4  msec)  are  also  shown  in  Figure  4(c)  and  indicate  a  15%  variation 
in  total  energy  which  corresponds  to  a  maximum  error  of  around  7%  to  be  associated 
with  the  rms  of  the  temperature  fluctuations.  In  common  with  reference  2  any 
tolerance  in  t  was  found  to  be  unimportant  as  far  as  the  mean  temperature  is  concerned. 
Preliminary  measurements  obtained  with  15 ,  40  and  80  pm  wires  indicated  almost 
identical  mean  temperature  values  therefore  suggesting  that  the  averages  are  unweighted 
and  support  the  analyses  reported  in  references  20  and  21. 

The  results  presented  in  the  following  section  are  not  corrected  for  radiation 
losses  or  catalytic  activity  on  the  thermocouple  surface,  but  the  effects  on  the  mean 
temperature  were  quantified.  The  magnitude  of  the  heat  losses  from  the  thermocouple 
wire  by  radiation  was  determined  by  vacuum  calibration  in  a  vacuum  chamber  of  about 
10’“  torr  (see  reference  22  for  further  details) .  A  ceramic  coating  was  used  to 
evaluate  the  catalytic  effects,  and  the  absolute  errors  could  be  estimated  by  comparing 
the  radiation  losses  of  uncoated  and  coated  thermocouple  wires. 

Figure  5(a)  shows  the  radiation  losses  associated  with  the  coated  and  uncoated 
40  pm  wire  and  also  includes  those  associated  with  a  larger  diameter  wire  of  80  urn  for 
comparison  purposes.  The  figure  shows  a  monotonic  increase  of  the  losses  with  temper¬ 
ature  and  that  the  values  with  the  uncoated  wires  are  all  less  than  8%  for  the  measured 
temperatures.  Tha  radiation  losses  in  Figure  5(a)  are  calculated  on  the  assumptions 
that  the  radiation  heat  transfer  between  the  wire  and  t^he  gases  of  the  flame  is 
negligible  and  that  the  average  radiation  temperature  (T+t ) 4  is  equal  to  T4.  The  first 
assumption  is  not  likely  to  lead  to  significant  errors  in  the  present  flame  and  the 
effect  of  the  second  assumption  depends  on  the  magnitude  of  the  temperature  fluctua¬ 
tions.  The  present  results,  however,  indicate  that  the  maximum  intensity  of  temper¬ 
ature  fluctuations  observed  (around  13%)  are  likely  to  affect  the  radiation  losses 
indicated  in  Figure  5(a)  by  no  more  than  208. 

Figure  5(b)  shows  the  radial  profiles  of  mean  temperature  obtained  at  two  axial 
locations  within  the  combustor  with  coated  and  uncoated  wires  of  40  and  80  urn  diameter. 
In  general,  the  discrepancies  between  measurements  obtained  with  coated  and  uncoated 
wires  are  accounted  for  by  the  differences  in  the  radiative  emissivites  of  the  two 
surfaces,  except  for  z  <  90  mm  where  catalytic  effects  may  increase  the  measured  mean 
temperature  by  up  to  70  K.  This  is  due  to  the  comparatively  high  concentrations  of 
unburned  fuel  that  exist  near  the  fuel  injector,  reference  8.  The  effects  on  the 
rms  of  the  temperature  fluctuations  are  of  secondary  importance. 


3.  RESULTS  AND  DISCUSSION 

The  axial  and  swirl  components  of  velocity  were ^measured  with  various  AFR's  from 
40  to  70  and  the  corresponding  mean  and  rms  values  (U,  W  and  /u2,  /w2)  are  presented 
in  radial  profile  forms  for  an  axial  location  inside  the  combustor,  corresponding  to 
the  plane  of  the  primary  holes.  Similar  profiles  are  also  presented  at  the  combustor 
exit  plane  but  here  care  must  be  taken  in  interpreting  the  results  due  to  the  change 
from  cylindrical  polar  velocity  components  inside  the  combustor  to  Cartesian  components 
at  the  exit  plane.  The  contours  of_the  'ms  temperature  fc»'t?)  are  plotted  for  the 
same  plane  as  intensity  contours  </t7/T.  to  allow  an  easier  comparison  between  one 
AFR  case  and  another. 

3 . 1  Velocity  Characteristics 

Figures  6  and  7  show  the  influence  of  AFR  on  the  mean  flow  field  prevailing  in 
the  primary  and  exit  zone  of  the  combustor,  respectively.  Figure  8  shows  the  corres¬ 
ponding  effect  on  the  turbulence  field  of  the  combustor.  In  these  figures,  profiles 
associated  with  the  isothermal  flow  are  also  included  for  comparison  purposes  and 
since  they  represent  the  flow  in  one  of  the  limiting  cases. 

The  axial  velocity  profiles  of  Figure  6  indicate  that  the  primary  zone  recirc¬ 
ulation  has  increased  in  strength  and  decreased  in  width  compared  to  that  with  iso¬ 
thermal  flow.  The  combustion  also  results  in  more  uniform  velocity  profiles  at  the 
exit,  Figure  7.  The  axial  velocity  profiles  with  different  AFR's  and  in  the  primary 
zone.  Figure  6(a),  are  of  similar  shape  and  the  maximum  positive  velocity  observed 
close  to  the  wall  is  essentially  independent  of  AFR.  The  velocities  near  the  centre¬ 
line,  however,  are  influenced.  For  example,  the  centreline  value  increases  as  the 
AFR  is  increased  from  a  value  of  around  -7  m/s  at  AFR  of  40  to  about  +8  m/s  at  AFR 
of  70.  The  trend  here  is  practically  identical  to  that  observed  with  increasing  fuel 
injector  flow  in  the  isothermal  case  and  reported  in  reference  9.  The  primary  zone 
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flow  thus  appears  to  be  only  weakly  dependent  on  mixture  strength.  This  feature  Is 
also  evident  in  the  temperature  measurements  presented  in  the  following  subsection. 

In  contrast,  the  velocities  at  the  exit  plane,  Figure  7,  are  strongly  affected  by  AFR. 
The  higher  temperatures  and  thus  lower  densities  associated  with  the  lower  value  of 
AFR  result  in  higher  velocities. 

The  profiles  of  turbulent  kinetic  energy  (k)_6hown  in  Figure  8  are  calculated  on 
the  basis  of  local  isotropy  (l.e.  k  =*  (3/4)  (u2  -t  w2))  and  the  higher  centreline  peaks 
observed  particularly  in  the  primary  zone.  Figure  8(a),  suggest  a  possibility  of 
precession  of  the  swirl  core,  so  that  they  may  not  be  representative  of  turbulence. 

In  parallel  to  the  trends  observed  in  the  mean  flow,  the  effect  of  AFR  on  turbulence 
is  relatively  weak  in  the  primary  zone,  but  a  decrease  in  AFR  from  70  to  40  causes  a 
significant  increase  in  turbulent  kinetic  energy  (around  2.5  times)  at  the  combustor 
exit.  Local  turbulence  intensity  values  at  the  exit,  however,  remain  independent  of 
AFR  with  maximum  values  around  13%. 

3.2  Temperature  Characteristics 

The  effect  of  AFR  on  the  combustor  mean  temperature  field  is  shown  in  Figure  9 
corresponding  to  the  mid-vertical  plane  of  the  combustor.  Both  AFR’s  (52  and  70) 
result  in  temperatures  in  excess  of  1900  K  in  the  primary  zone.  Measurements  could 
not  be  obtained  near  the  axis  and  upstream  of  the  primary  holes  and  this  suggests 
temperatures  above  2050  K  and  close  to  the  adiabatic  values.  An  increase  in  AFR  to 
70,  Figure  9(b),  reduces,  as  expected,  the  temperature  particularly  in  regions  down¬ 
stream  of  the  primary  holes.  The  maximum  exit  value  is  less  than  1300  K  in  contrast 
to  that  of  above  1600  K  with  AFR  of  52.  In  the  primary  zone,  however,  the  temperatures 
are  very  similar  for  the  two  AFR  cases  and  confirm  the  observed  trends  in  the  primary 
zone  velocity  field  (see  Figure  6);  similar  observations  were  also  made  for  the 
species  concentrations  of  the  primary  zone,  reference  8. 

The  corresponding  contours  of  the  intensity  of  temperature  fluctuations  are  shown 
in  Figure  10.  Although  the  rms  values  of  temperature  fluctuations  are  similar  for  the 
two  AFR's  and  are  below  160  K,  the  lower  mean  temperatures  associated  with  the  higher 
AFR  result  in  higher  intensities  inside  the  combustor.  The  intensities  near  the  exit, 
in  common  with  the  velocity  fluctuations,  range  to  around  13%,  tend  to  decrease  with 
temperature  and  have  maximum  values  in  the  regions  of  maximum  mean  temperature 
gradient.  With  the  increase  in  AFR  the  highest  values  remain  at  around  13%,  but  the 
relatively  stronger  influence  of  the  secondary  dilution  jets  with  AFR  of  70  causes  the 
peak  values  to  move  towards  the  centre  of  the  exit  plane. 


4.  CONCLUSIONS 

The  following  are  the  main  conclusions  of  this  work: 

1.  The  velocity  characteristics  of  the  combustor  were  determined  with  a  laser 
Doppler  velocimeter.  The  errors  incurred  in  the  measurements  were  mainly  due  to 
finite  sample  statistics  and  velocity  gradient  broadening  effects,  with  overall 
maximum  uncertainties  in  the  mean  and  rms  values  of  around  2  and  10%  respectively  in 
most  parts  of  the  combustor. 

2.  The  mean  and  rms  values  of  temperature  fluctuations  were  measured  by  a 
digitally  compensated  fine  bare-wire  thermocouple.  The  errors  in  the  mean  values  were 
mainly  due  to  radiation  losses  which  have  monotonically  increased  with  temperature  and 
were  less  than  8%.  The  catalytic  effects  were  small  and  occurred  in  the  primary  zone, 
increasing  the  mean  temperature  by  up  to  70  K.  The  maximum  uncertainties  in  the  rms 
values  were  of  the  order  of  7%  and  were  due  to  uncertainties  in  the  time  constant. 

3.  The  effect  of  AFR  on  velocity  and  teraprature  characteristics  was  relatively 
weak  in  the  primary  zone  of  the  combustor,  but  became  progressively  more  pronounced  at 
downstream  locations.  Independent  of  AFR,  the  maximum  intensities  of  velocity  and 
temperature  fluctuations  were  around  13%  at  the  combustor  exit. 
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DISCUSSION 


AJVfeliing,  UK 

In  figure  9  showing  the  effect  of  air-fuel  ratio  on  the  mean  temperature,  an  increase  in  AFR  from  52  to  70  led  to  a 
particularly  marked  temperature  reduction  in  the  secondary  zone.  Was  the  AFR  increased  by  increasing  the  secondary 
dilution  air  while  keeping  the  primary  air  flow  rate  constant? 

Author’s  Reply 

No,  the  AFR  was  increased  by  decreasing  the  fuel  Dow  rate  while  keeping  the  total  air  Dow  rate  constant  The 
temperature  reduction  in  the  secondary  zone  is  thus  associated  with  the  local  increases  in  AFR  and  stronger  quenching 
effects  of  the  dilution  jets,  particularly  on  the  CO  to  CO  2  reaction. 


W.O’Brien,  US 

Please  give  more  data  on  the  method  of  production  and  introduction  of  the  alumina  particle  seed  in  the  burner.  Were 
the  particles  sizes  measured,  and  if  so,  how? 

Author’s  Reply 

We  generated  alumina  particle  from  a  spark  generator;  a  monodisperse  aerosol  was  obtained  with  reduced 
agglomeration.  The  particles  are  introduced  upstream  of  the  combustor  in  both  air  and  fuel  streams.  We  thought  it  was 
necessary  to  seed  the  fuel  as  well,  particularly  for  the  measurements  in  the  primary  zone,  in  order  to  reduce  the  particles 
biasing  effect. 

We  did  not  do  any  detailed  analysis  with  regard  to  the  size  of  the  particles,  but  we  have  looked  at  some  of  the  particles 
on  the  microscope,  and  they  are  about  3  urn  (±  10%). 


W.A.AI»ang,  US 

Did  you  measure  the  time  scale  or  frequency  content  of  the  temperature  or  velocity  Ductuations? 

Author’s  Reply 

The  normal  data  acquisition  rate  was  about  3  to  4  KHz;  we  deliberately  lower  the  sampling  rate  down  to  0.5  to  1  KHz, 
in  order  to  reduce  the  biasing  effects. 

We  did  not  look  at  the  time  scales,  both  for  velocity  and  temperature  Ductuations. 

We  did  some  spectrum  analysis  of  the  temperature  Ductuations,  but  not  of  the  velocity  ones. 


J.A.Nabity,  US 

Could  you  describe  briefly  the  method  used  to  compensate  the  fine  wire  thermocouple? 

What  is  the  maximum  frequency  response  of  the  thermocouple? 

Author’s  Reply 

Compensation  was  performed  only  on  the  basis  of  measured  instantaneous  temperature  and  the  effects  of  mixture 
fraction  and  velocity  fluctuations  were  not  considered.  Preliminary  measurements  with  non-premixed  flames  indicated 
insignificant  effects  of  mixture  fraction  on  time  constant  and  relatively  high  velocities,  particularly  at  the  secondary  and 
exit  zones  of  the  combustor,  did  not  justify  the  consideration  of  velocity  effects.  The  frequency  response  of  the  system 
was  around  2  KHz  and  frequencies  up  to  1.8  KHz  represented  95%  of  the  total  energy. 
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ABSTRACT 

%  Laaer-Doppler  measurements  of  the  velocity  distribution  around  and  in  the  wake  of  a  two-dimensional 
squared  obstacle  for  Re-14000  are  reported.  The  results  were  measured  with  a  counter  interfaced  with  a 
microprocessor .  The  counter  was  built  based  on  a  specific  design  to  quantify  and  diminish  errors 
resulting  from  bias  sources.  In  addition  the  periodic  character  of  the  flow  in  the  wake  was  characterised 
by  measurements  of  turbulence  spectra  with  FFT  instrumentation.  The  values  of  the  predominant  frequencies 
were  correlated  with  the  flow  Reynolds  number. 


l.  INTRODUCTION 

Laser-Doppler  velocimetry  with  its  non-perturbing  nature  is  very  often  the  only  Instrumental  method 
available  for  research  of  the  local  velocity  characteristics  in  flows  with  recirculating  zones.  Althought 
it  has  been  used  for  many  years,  questions  still  remain  regarding  the  accuracy  of  LDV  measurements.  These 
questions  are  mainly  associated  with  the  precision  of  the  individual  measurements  and  with  the  choice  and 
number  of  the  population  elements  from  which  the  statistical  results  are  calculated.  The  non  uniformity  of 
the  density  of  particles  in  the  flow,  the  presence  of  velocity  gradients  in  the  control  volume  or  the 
different  sizes  of  particles  are  examples  of  bias  sources.  Several  bias  corrections  have  been  proposed  and 
at  the  same  time  new  instruments  were  designed  (e.g.  counters)  to  improve  the  accuracy  of  the 
measurementa,  see  e.g.  Durlo  et  al  (1982),  Durst  et  al  (1984)  and  Heitor  et  al  (1984). 

In  this  paper  measurements  of  velocity  and  power  spectra  are  reported  using  two  counters  that  were 
built  based  on  a  specific  design  to  avoid  errors  usually  associated  with  counting  systems. 

The  concentration  of  the  naturally-occurlng  scattering  centers  in  water,  which  give  rise  to  Doppler 
signals,  la  such  that  the  probability  of  finding  more  than  one  particle  in  the  measuring  volume  of  the 
anemometer  is  negllglby  small:  hence  the  occurrence  of  Doppler  signals  is  a  discrete,  rather  than 
continuous  process.  This  fact  limits  the  spectral  analysis  of  the  velocity  characteristics,  once  fast 
Fourier  transform  methods  cannot  be  directly  used.  Several  methods  have  been  proposed  for  spectral 
estimation  of  LDV  Information  (see,  for  example,  Srikantaiah  and  Coleman,  1985;  Lodlng,  1985)  Saxena  1985) 
and  the  procedure  adopted  here  has  consisted  in  frequency  analysing  the  analogue  output  of  a  purpose-built 
counter  described  by  Durlo  et  al  (1982)  in  which  the  LDV  velocity  signal  at  each  Doppler  burst  is  sampled 
and  held  mtil  another  valid  signal  arrives. 

The  LDV  equipment  was  used  to  study  the  flow  around  a  squared  obstacle.  Flow  around  two-dimensional 
bluff  bodies,  particularly,  circular  cylinders  and  two -dimensional  sharp-edged  bodies,  had  received 
particular  Interest  for  decades,  as  Che  article  reviews  of  e.g.  Mair  (1971),  Bearman  and  Graham  (1980), 
and  Griffin  (1985).  The  quasi  '■periodic  nature  of  the  fluctuations  existing  on  the  wake  region,  which  occur 
as  the  result  of  the  alternate  shedding  of  vortices  from  each  side  of  the  body,  is  a  Reynolds  number  and 
geometrical  dependent  phenomena.  The  flow  conditions  in  which  they  occur  are  presented  in  many  engineering 
situations,  for  example  bluff-body  stabilized  flames  in  high-velocity  reactant  streams,  vehicle 
aerodynamics.  Industrial  pipe  flows  and  wind  effects  on  buildings.  Their  study  is  relevant  for  many  design 
purposes,  since  their  understanding  la  etill  an  open  subject  of  research. 

The  purpose  of  the  present  study  it  la  the  use  of  LDV  to  obtain  accurate  measurements,  In  order  to 
bring  new  physical  understanding  of  the  flow. 

Next  section  presents  the  flow  configuration  end  the  following  section  describee  the  measurement 
technique  Including  the  characteristics  of  the  counter  used  and  the  accuracy  to  be  expected)  section  4 
discusses  the  experimental  result*  and  the  paper  ends  with  a  suaary  of  the  conclusions. 


2.  FLOW  CONFIGURATION 

The  experiments  were  performed  on  an  horizontel,  120x152  mm,  water  tunnel  made  of  perspex  with  a 
20x20  mm  or  8x8  wm  obstacle,  H,  eat  accroes  the  narrow  dimension,  V,  and  completely  spanning  the  duct  as 
schematically  shown  in  figure  1.  The  duct  extended  for  1.56  ■  upstream  and  for  0.44  ■  downstream  of  the 
obstacle.  The  water  flow  was  driven  by  the  pressure  difference  between  a  constant  head  and  a  discharge 
tank  and  was  pasted  through  straightner*  upstream  of  the  duct  Inlet. 

Host  of  the  results  were  obtained  with  the  obstacle  centered  between  the  top  end  the  bottom  of  the 
duct,  for  e  reference  velocity  of  Uo"0,68  m/a  and  a  freestream  turbulence  intensity  of  6%.  However,  the 
effects  of  the  proximity  of  the  well  and  of  the  Reynolds  number  on  the  wake-flow  are  alao  presented. 
Measurement*  obtained  in  the  tunnel  without  the  obstacle  have  shown  that  the  flow  wae  symmetric  end  that 
the  well  boundary  layer  eround  the  region  where  the  obstacle  was  located,  wae  15  ■  thick. 

The  origin  of  the  axial,  X,  and  vertical,  T,  coordinates  in  the  Juct  is  taken  et  the  centre  of  the 
upetream  fee*  of  the  obstacle. 
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3.  MEASWEKENT  TECHNIQUE 

Velocity  was  measured  by  a  laser-Doppler  veloclneter  operated  In  the  dual-beam,  forward-scatter  node 
with  sensitivity  to  the  flow  direction  provided  by  light- frequency  shifting  from  acousto-optic  modulation 
(Bragg  cells).  The  resulting  frequency  shift  was  normaly  set  at  700  KHz.  The  principal  characteristics  of 
the  laser-Doppler  veloclmeter.  In  particular  those  of  the  transmitting  optics,  are  summarized  in  Table  1. 

TABLE  1 

PRINCIPAL  CHARACTERISTICS  OF  THE  LASER-DOPPLER  VELOCIHETER 


-  15  tnW  (nominal)  He  -Ne  Laser;  wavelength;  632.8  nm 

-  focal  length  of  focussing  lens  300  nun 

-2 

-  beam  diameter,  at  e  intensity,  of  laser  1.1  am 

-  measured  half-angle  of  beam  intersection  (in  air)  4.81° 

-  calculated  half-angle  of  beam  intersection  (in  water)  3.61° 

-  fringe  separation  (line  pair  spacing)  3.77  um 

-2 

-  calculated  dimensions  of  measuring  volume,  at  e 
intensity,  (major  and  minor  axis  of  ellipsoid  in  water)  3.489;  0.220  mm 


-  velociraeter  transfer  constant 


0.2650  MHz/ (ms”1) 


The  light  scattered  by  naturally-occurlng  centres  In  the  water  was  collected  by  a  lens  (focal  length 
of  200  as)  and  focussed  onto  the  pinhole  aperture  (0.3  na)  of  a  photomultiplier  (OBI,  type  LD-0-810)  with 
a  magnification  of  1.55.  The  output  of  the  photomultiplier  was  band-pass  filtered  and  the  resulting  signal 
processed  by  a  laboratory-built  frequency  counter.  Two  counters  were  used  and  one  of  them  have  the 
necessary  information  for  the  use  of  FFT  Instrumentation  to  obtain  the  turbulence  spectra  and  energy  on 
predominant  frequencies. 

3.1  Characterization  of  the  Counters 


The  counters  used  allowed  the  knowledge  and  control  of  measuring  parameters  such  as  the  actual  and 
the  minimum  possible  time  intervals  between  two  consecutive  valid  burst,  which  permit  to  satisfy  the  best 
experimental  conditions  according  to  the  analysis  referred  by  Durlo,  Velho  and  Whltelaw  (1964)  and  Durlo, 
Laker  and  Velho  (1985).  The  frequency  of  Doppler  signals  Is  evaluated  by  the  counter  through  gating  a  250 
MHz  clock  (100  MHz  clock  for  the  second  counter  used  with  the  FFT  Instrumentation)  over  a  preset  number  of 
8  or  16  Doppler  cycles  (only  16  for  the  second  counter),  with  only  one  measurement  being  performed  for 
every  Doppler  "burst".  Bach  measurement  Is  subject  to  preset  validations  in  the  amplitude  and  time  dosialns 
and.  If  valid,  la  digitised  as  a  floating  point  number  and  transferred  to  the  microcomputer.  The 
amplitude-domain  validation  is  based  on  two  trigger  levels  and  the  counting  circuity  Is  activated  only  if 
both  of  them  have  been  crossed  in  the  correct  sequence!  the  beginning  of  a  Doppler  burst  is  detected  by 
the  first  correctly  sequenced  crossing  of  the  higher  threshold;  the  end  of  a  Doppler  burst  is  deemed  to 
have  occurred  at  the  first  absence  of  higher  threshold  crossing.  The  time-domain  validation  procedure 
accepts  or  rejects  the  measurement  depending  on  wether  the  difference  between  the  frequencies  of  the  first 
5  and  8  (or  10  and  16)  cycles  of  the  burst  Is  within  a  pre-selected  tolerance,  up  to  0.19%.  The  sampling 
frequency  Is  limited  to  around  25  KHz  due  to  the  time  taken  for  data  validation  and  data  transfer,  but 
lower  values  were  used  to  reduce  velocity-bias  effects  on  the  data  processing.  Figure  2  shows  the  timing 
sequencles  of  the  counter  and  further  Information  can  be  found  in  Heitor  et  al  (1984). 

3.2  Accuracy  of  Che  Measurements 


Errors  incurred  in  the  measurement  of  velocity  by  displacement  and  distortion  of  the  measuring  volume 
due  to  refraction  on  the  duct  walls  and  the  change  in  refractive  index  were  found  to  be  negligibly  small 
and  within  the  accuracy  of  the  measuring  equipment*  The  tolerance  on  the  output  of  the  counter  derives 
from  the  error  In  the  clock  count  and  from  the  resolution  of  the  floating  point  format  of  the  datai  the 
maximum  error  la  always  less  than  1%.  Non-turbulent  Doppler  broadening  errors  due  to  gradients  of  mean 
velocity  across  the  measuring  volume  (e.g..  Durst  et  al,  1981),  may  affect  essentially  the  variance  of  the 
velocity  fluctuations,  but  for  the  present  experimental  conditions  are  of  the  order  of  3xlO~3  u£  and, 
therefore,  sufficiently  small  for  their  effect  to  be  neglected.  Other  sources  of  errors,  such  as  those  due 
to  finite  sample  size  and  velocity  bias  effects  are  considered  in  the  following  paragraph.  It  is  noted 
chat  the  positioning  of  the  measuring  volume  Inside  the  duct  was  precise  to  within  10. 5  ». 

In  the  experiments  the  number  of  individual  velocity  values  used  to  form  the  averages  was  always 
ebove  7000  and  reached  60000  in  the  near-wake  region,  where  the  highest  flow  oscillations  were  found.  As  a 
resolt  the  largest  statistical  (random)  errors  were  of  0.5  and  3%,  respectively  for  the  mean  and  variance 
values,  according  to  the  analysis  referred  by  Tents  and  Smith  (1978)  for  a  95%  confidence  interval.  No 
corrections  were  made  for  sampling  bias,  and  the  systematic  errors  that  could  have  arlsed  were  minimised 
by  using  high  seed  rates  in  relation  to  the  fundamental  velocity  fluctuation  rate,  as  suggested  for 
•nampls  by  Dlmotakls  (1978),  Erdmann  and  Tropes  (1981)  and  Erdmann  et  al  (1984)  for  both  random  and 
periodic  flows.  In  addition,  no  corrs 1st  ions  were  found  between  Doppler  frequencies  end  time  Interval 
between  consecutive  bursts,  suggsstlng  that  such  bias  sf facts  ars  unimportant  for  the  present  rlow 
conditions  (aaa  Durlo,  Laker  and  Velho,  1983),  It  Is  also  notsd  that  tha  sons  of  the  flow  characterized  by 
the  highest  amplitude  of  the  flow  oeci list  Ions  (which  ars  ssssnt tally  non- turbulent  and  occur  for  the 
vertical  velocity  component,  ea  diacusssd  below)  la  also  that  where  the  mean  velocity  le  close  to  zero  end 
the  probability  density  distributions  Is  nssr  bimodal,  such  that  the  bias  of  the  negative  velocities 
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offset  that  of  the  positive  velocities,  as  shown  by  Erdmann  et  al  (1984). 

The  counter  used  to  measure  power  spectra  with  FFT  instrumentation  is  described  in  detail  by  DurSo  et 
al  (1982)  and  although  with  slightly  lower  accuracy  of  the  absolute  measurements  (due  to  the  use  of  a 
slower  clock  of  100  MHz  and  measuring  only  over  16  Doppler  cycles),  it  allows  to  obtain  the  power  spectrum 
of  the  LDV  velocity  signal  by  sampling  and  holding  the  velocity  at  each  new  Doppler  burst  until  another 
valid  signal  arrives.  The  condition  under  which  the  output  of  the  counter  yields  a  satisfactory  spectral 
analysis  has  been  discussed  by,  for  example,  Dimotakls  (1978),  Edwards  and  Jensen  (1983)  and  Adrian  and 
Yao  (1985)  and  was  satisfied  in  the  present  experiments.  A  high  mean  sampling  frequency  up  to  2  KHz  was 
used,  suggesting  chat  structures  of  the  order  of  0.35  mm  and  above  can  be  resolved.  This  is  about  two 
orders  of  magnitude  smaller  than  the  smallest  length  scale  in  the  duct,  which  implies  that  the  energy 
containing  motions  are  resolved  by  the  counter.  In  addition,  the  power  spectral  density  can  be 
reconstructed  up  to  about  1  KHz. 


4.  EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  results  presented  in  figures  4  to  9  were  extracted  from  a  detailed  set  of  measurements  to 
characterize  the  flow  around  the  two-dimensional  obstacle  described  previously.  The  measuresients  Include 
mean  and  variance  values  of  axial,  U,  and  normal,  V,  components  of  velocity  and  spectral  analysis  of  the 
velocity  fluctuations. 

Prior  to  the  detailed  measurements,  visualization  of  air  bubbles,  as  shown  in  figure  3,  was  used  to 
guide  the  choice  of  measurement  locations  and  to  observe  the  mechanism  of  vortex  shedding,  which  was 
confirmed  to  exist  by  the  subsequent  spectral  analysis  presented  in  sub-section  4.2. 

4. 1  Plow  Pattern 


The  distribution  of  the  time-averaged  axial  velocity  component,  U  (paralell  to  the  channel  walls), 
along  the  centerline  of  the  channel  is  shown  in  figure  4.  The  measured  t lme-averaged  length  of  the 
recirculation  region  behind  the  obstacle  and  the  maximum  negative  velocity  were  respectively  1.825  H  and 
20%  of  the  reference  velocity  Uo*0.68  m/s.  The  figure  also  shows  that  at  X/H«-2  the  mean  flow  was 
basically  undisturbed;  on  the  contrary  at  X/H-5  the  value  of  U/U0  was  0.75. 

Figure  5  shows  values  of  siean  and  variance  of  U  and  V  obtained  at  X/H--1.0,  1.5  and  3.0  respectively 
upstream  the  obstacle,  in  the  recirculation  zone  and  in  the  near-wake.  Figure  5(a)  presents  the  profiles 
of  the  mean  axial  velocity  which  clearly  show  that  the  flow  is  symmetric.  The  profile  at  X/H*-1.0 
Indicates  a  large  Influence  of  the  obstacle  having  its  maximum  velocity  away  from  the  centreline;  at 
X/H-l.5  the  maximum  axial  velocity  is  1.465  Uc  and  occurs  at  Y/H«±  1.325;  far  downstream,  at  X/H-3,  the 
profile  is  characteristic  of  a  developing  wake  region.  The  location  of  U-maximum  is  consistent  with  the 
V-profilea  shown  in  figure  5(b).  It  can  be  seen  that  In  agreement  with  the  flow  visualization  of  figure  3, 
upstream  of  the  obstacle  the  flow  moves  away  from  the  centreline  while  downstream,  in  the  wake,  the 
opposed  movement  occurs. 

The  distribution  of  the  variance  of  the  axial  velocity  fluctuations  upstream  of  the  obstacle  has  a 
minimum  value  on  the  centreline  but  the  local  turbulence  intensities  remains  near  constant  and  between  6.5 
and  8.0%.  Figure  5(d)  shows  the  variances  of  the  normal  velocity  fluctuations  and  indicates  that  upstream 
of  the  obstacle  the  turbulent  flow  is  near  Isotropic.  At  X/H»l . 5  the  u^/U^  profile  shows  two  symmetric 
peaks  located  around  the  separation  streamline  and  the  v^"2 /u£  profile,  shown  in  figure  5(d),  presents  a 
peak  on  the  centreline,  which  could  be  respectively  associated  with  the  maximum  gradients  of  the  axial  and 
radial  mean  velocity.  These  profiles  are  qualitatively  similar  to  those  reported  in  non-perlodlc  turbulent 
wake  flows,  e.g.,  in  the  near-wake  of  the  axlsymmetric  bluff  bodies  of  Taylor  and  Whltelaw  (1984),  but  the 
magnitude  of  the  peaks  is  coaparatlvely  higher  (/uT7/Uo*0.654  at  Y/H"±0.55  and  /v*^/U*  *0.647  at  Y/H*0 
compared  with  0.35  and  0.42  respectively,  for  the  25%  area  blockage  disc  of  Taylor  and  Whltelaw,  1984).  On 
the  other  hand,  these  maximum  values  and  the  high  degree  of  turbulence  anisotropy  found  in  the  near  wake 
are  similar  to  those  reported  by  Bradbury  (1976)  in  the  wake  of  a  10%  area  blockage  flat  plate  and 
explained  as  the  result  of  vortex  shedding.  The  present  flow  Is  also  periodic,  as  further  analysed  in  the 
next  sub-section,  such  that  the  values  of  figures  5(c)  and  (d)  are  result  of  the  time  averaging  measuring 
process  in  which  the  turbulent  and  the  periodic,  non-turbulent ,  contributions  to  the  total  variance  are 
not  decomposed. 

Downstream  of  the  obstacle,  at  X/H-3.0,  the  u’ 1  and  the  v’i  profiles  are  qualitatively  similar  to 
those  at  X/H-1.5  but  with  comparatively  lower  values,  suggesting  the  attenuation  of  the  magnitude  of  the 
local  periodic  oscillations  with  the  development  of  the  wake  flow. 

4.2  Spectrum  of  Velocity  Fluctuations 

Spectral  analysis  of  Doppler  signals  was  conducted  to  characterise  the  oscillating  nature  of  the 
present  flow  as  a  function  of  the  Reynolds  number,  the  dimension  of  the  obstacle  and  of  its  distance  to 
the  wall  of  the  channel. 

Figure  6  shows  the  characteristic  digital  and  analogue  time-resolved  output  of  the  two  counters  used 
for  the  normal  velocity  fluctuations  in  the  centreline  of  the  wake  of  the  squared  obstacle,  for  Re*l4000. 
The  signal  followa  a  fairly  sinusoidal  wave  with  a  corresponding  blmodal  probability  density  function, 
figure  6(c),  and  a  single  spectral  peak  at  the  predominant  frequency  of  4.7  Hs,  as  shown  in  figure  7(a). 

The  dependence  of  the  power  spectrum  on  the  Reynolds  number  for  values  less  than  14000  can  be 
identified  in  figures  7(a)  to  (f),  which  indicate  a  linear  variation  of  the  spectral  peak  with  Re.  These 
results  refer  to  the  normal  component  of  velocity  but  a  similar  behaviour  was  observed  for  the  axial 
velocity,  although  with  lower  Intensity  peaks  in  the  power  spectrum. 
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Figure  8  summarizes  the  variation  of  the  Strouhal  nuaiber  (S-f.H/U  )  with  the  Reynolds  number  obtained 
in  the  water  channel.  The  figure  also  shows  a  good  agreement  with  measurements  obtained  by  Okajiaa  (1982) 
for  different  squared  obstacles  using  hot  film  or  hot-wire  anemometry.  The  Strouhal  number  Is 
approximately  constant  and  close  to  0.133  for  all  the  heights  (H)  of  the  obstacles  investigated  in  the 
range  10s  <Re  < 2xl0k . 

Measurements  of  the  vortex  shedding  frequencies  obtained  with  the  20x20  os  obstacle  located  at  five 
different  distances  from  the  wall  are  shown  in  figure  9  for  103  <Re  < 2 . 7xl04 .  The  predominant  shedding 
frequencies  do  not  vary  with  the  proximity  of  the  wall  up  to  Y/H-0.375,  but  have  not  been  found  for 
smaller  values  of  Y/H.  Experiments  are  being  carried  out  to  map  in  detail  the  time-averaged  flow 
properties  of  the  near-wake  region  of  the  obstacle  placed  at  Y/H-0.25  and  0.375  In  order  to  explain  the 
absence  of  flow  oscillations . 


5.  CONCLUSIONS 

LDV  measurements  have  provided  information  of  the  velocity  characteristics  of  the  flow  c:  »*nd  squared 
obstacles  in  the  range  103  <  Re  <  1. 7X101* .  The  following  Is  a  sutmoary  of  the  more  important,  i  dings  and 
conclusion  of  this  work. 

•  The  velocity  information  was  quantified  using  two  purpose  built  counters  in  which  the  Doppler  signals 
were  subject  to  validation  in  the  amplitude  and  time  domains.  Information  of  the  time  interval  between 
valid  bursts  has  also  been  provided  and  has  allowed  to  conclude  that  errors  in  the  velocity  measurement 
due  to  bias  effects  are  significantly  small  for  their  effect  to  be  neglected,  because  of  the  high  seed 
rates  used.  Spectral  analysis  has  been  aucessfully  conducted  by  sampling  and  holding  the  velocity 
signal  at  each  new  Doppler  burst  until  another  valid  signal  arrives. 

•  The  measurements  have  shown  that  the  flow  field  includes  regions  of  near-uniform,  recirculating  and 
accelerating  velocity,  which  are  qualitatively  similar  to  those  reported  in  non-periodic  turbulent  wake 
flows.  Nevertheless  the  shear  layer  surrounding  the  recirculation  bubble,  for  Re-14000,  is  a  region  of 
intense  velocity  fluctuations  with  unusually  high  values  of  the  velocity  variances,  explained  as  the 
result  of  vortex  shedding. 

•  The  vortex  shedding  frequency  vary  linearly  with  the  Reynolds  number,  with  a  value  of  4.7  He  at 
Re-14000.  These  frequencies  are  independent  of  the  vertical  position  of  the  obstacle  in  the  water 
channel  u"  to  Y/H-0.375,  but  the  oscillation  are  tottaly  supressed  for  smaller  values  of  Y/H.  The 
Strouhal  number  is  approximately  constant  and  equal  to  0.133  for  obstacle  heights  between  8  and  20  mm 
In  the  range  10^Re<2xl0*. 
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Mean  And  variance  profiles  of  Che  exist  end  noneel  velocity  component 

a)  mean  axial  velocity,  U/UD 

b)  mean  normal  velocity,  V/L'^ 

c)  variance  of  axial  velocity, 
open  symbols:  u^/U^xlO* 
closed  symbols:  u,2/U2xlO 

d)  variance  of  normal  velocity, 
open  symbols:  v,2/U3  x  10* 
closed  symbols:  v'VU1  x  10 


Signal  tracer  of  normal  velocity  fluctuations  and  their  measured 
probability  density  function  on  the  centreline  of  the  near-wake 
t  low . 
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a)  digital  output  of  the  counter  at  each  Doppler  burst 
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Power  spectra  of  normal  velocity  fluctuations  in  the  centreline 
of  the  wake  flow  for  different  *’«yncl<is  maul. era. 


Variation  of  the  Strouhal  number,  S  -  fH/U  ,  with  the  Reynolds  number 
Re-UH/v.  for  a  squared  obstacle. 
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M.Carison  Williams,  US 

A  benchmark  of  instrument  performance  is  being  utilized  at  Pratt  &  Whitney  for  comparison  of  laser  velocimetry 
instruments  before  and  after  incorporating  optical  revisions  as  well  as  for  comparisons  of  our  LDV  with  commercially 
available  instruments.  Perhaps  others  will  find  the  method  useful  in  establishing  benchmarks  in  their  laboratories.  The 
technique  does  not  require  concurrent  testing  of  instruments  and  comparisons  can  be  performed  between  instruments 
operating  at  different  test  sites,  if  necessary. 

In  our  tests,  the  technique  utilized  the  ambient  aerosol  as  seed  in  the  flow  discharging  from  a  small  electricity  driven  fan 
and  an  aerosol  analyzer  capable  of  characterizing  the  ambient  aerosol  size  distribution.  The  range  covered  by  the 
aerosol  sizing  instrument  must  span  the  range  of  particle  sizes  capable  of  being  detected  by  the  velocimeters.  In  our 
studies,  the  TSI 3030  Electrical  Aerosol  Analyzer  with  a  range  of  0.003  to  1.0  microns  was  employed.  Using  this 
method,  a  laser  doppler  velocimeter  designed  at  Pratt  &  Whitney  Aircraft  was  compared  with  comercially  available 
Laser-Two-Focus  and  Laser  Transit  Anemometers. 

The  benchmark  is  obtained  by  measuring  the  velocity  of  the  flow  from  a  small  fan  or  jet1,  noting  the  validated  data  rate, 
and  measuring  the  turbulence  intensity  level.  The  ambient  aerosol  size  distribution  should  be  continuously  sampled 
during  testing. 

(1)  Using  the  particle  sizing  data,  produce  a  log-log  plot  of  cumulative  number  of  particles/cm3  >a  specified  diameter 
versus  particle  diameter.  See  Figure  1 . 

(2)  Either  calculate  or  experimentally  determine  the  swept  area  of  the  probe  volume  thru  which  particles  of  sufficient 
diameter  could  be  expected  to  produce  a  valid  signal.  Typically  l/e:  points  are  used  to  define  probe  volume 
dimensions. 

(3)  Using  the  swept  area  and  flow  velocity,  calculate  the  volume  per  unit  time  (cm3/sec)  being  sampled  by  the  laser 
velocimeter. 

(4a)  For  fringe  systems,  calculate  the  number  of  particles/cm3  being  detected  by  dividing  the  measured  data  rate  by  the 
volume  swept  per  unit  time.  From  the  aerosol  distribution  curve  generated  during  the  test,  read  on  the  abscissa  the 
minimum  particle  diameter  which  corresponds  to  the  detector  particle  concentration. 

(4b)  Two  spot  systems  are  handled  similarly  except  that  the  probability  of  a  two  spot  transit  is  inversely  related  to  the 
turbulence  level.  To  obtain  a  realistic  result,  the  data  rate  must  be  adjusted  upward  by  a  suitable  factor  to 
compensate  for  this  effect  as  the  probability  of  two  spot  transits  occurring  is  considerably  less  than  unity  in  most 
flows2. 

Figure  1  includes  calculations  for  two  data  points  from  an  LDV/LTA  comparison.  Note  the  wide  discrepancies  in  the 
data  rales  that  were  observed  during  testing.  Although  the  two  spot  system  is  sensitive  to  somewhat  smaller  particles, 
the  factor  of  20  increase  in  data  acquisition  time  eliminates  any  incentive  to  use  the  two  spot  system  unless  extreme  flow 
accelerations  preclude  the  use  of  the  somewhat  larger  particles  which  the  LDV  detects.  A  second  factor  which  also 
favors  the  use  of  LDV  for  our  gas  turbine  studies  is  the  ability  to  readily  provide  detailed  mappings  of  the  entire  rotor 
(typically  data  is  stored  as  a  function  of  approximately  1 000  angular  position  of  the  rotor)  thereby  permitting  detailed 
examination  of  all  blade  gaps  individually.  Conversely  two  spot  systems  are  generally  limited  to  storing  data  at  1 6 
angular  positions  which  forces  one  to  examine  a  composite  of  all  blade  gaps  or  to  repeat  the  measurement  for  each  gap 
of  interest  if  individual  passages  are  being  examined. 

The  benchmark  technique  previously  described  has  been  used  to  evaluate  instrument  performance  characteristics  for 
several  instruments  in  a  variety  of  test  configurations.  Figure  2  is  an  example  of  one  such  test  in  which  the  minimum 
particle  size  sensitivity  of  three  instruments  were  determined  as  a  function  of  laser  power  in  the  instruments'  probe 
volumes.  It  should  be  noted  that  the  particle  size  distributions  obtained  by  P  &  W’s  aerosol  analyzer  is  based  on 
electrical  mobility  of  the  particles  while  the  instruments  under  test  are  sensing  the  ability  of  the  particles  to  backscatter 
incident  laser  light.  As  the  two  characteristics  may  not  be  linearly  related  for  all  aerosols,  some  scatter  and  imprecision 
in  results  may  occur  depending  on  the  nature  of  the  constituents  of  the  ambient  aerosol.  The  three  curves  of  Figure  2 
represent  two  different  test  sites.  East  Hartford,  CT  and  West  Palm  Beach.  FL,  and  three  different  test  dates,  yet  the 
results  clearly  delineate  the  trend  in  the  data  and  the  relative  performance  of  the  instruments. 


1  We  often  employ  a  converging  nozzle  supplied  by  two  vacuum  cleaner  blowers  connected  in  tandem.  This  arrangement  provides 
velocities  up  to  700  ft/sec  at  the  nozzle  discharge. 

2  Figure  9  of  Dr  Schodl's  paper  Laser-Two-Focus  Velocimetry  (found  elsewhere  in  this  volume)  displays  the  probability  of  a  two  spot 
transit  as  a  function  of  turbulence  for  several  two  spot  instrument  geometries. 
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COMPARISON  OF  LASER  DOPPLER 
&  TWO  SPOT  VELOCIMETER 
PARTICLE  SIZE  SENSITIVITY  vs  LASER  POWER 


METHOD  FOR  ESTABLISHING  SENSITIVITY 
OF  LASER  DOPPLER  and  (or) 

LASER  TRANSIT  VELOCIMETERS 


it.EMer.UK 

What  were  the  different  focal  lengths  and  F  4>'s  for  the  various  instruments  compared? 

M.C.  WUHams,  US 

The  LDV  had  the  advantage  here,  using  a  1 9 1  mm  focal  length,  80  mm  diameter  lens.  Accounting  for  internal 
blockages  produces  an  effective  F  #of  3.8.  The  LTA  system  originally  employed  in  the  comparative  study  contained  a 
400  mm  focal  length,  100  mm  diameter  lens.  Our  measurements  indicated  an  effective  F +of  7.4  (this  was  the  lowest  F  * 
lens  available  for  the  instrument  at  the  time  of  the  first  test).  This  data  is  shown  in  Figure  1 .  The  manufacturer  has  since 
made  some  internal  changes  which  have  improved  the  effective  F  dt  f  am  not  aware  of  the  current  F  4  but  the 
performance  of  the  upgraded  system  has  besen  evaluated  and  is  shown  in  Figure  2.  The  L-2-F/LDV  comparison  study 
was  performed  in  conjunction  with  the  instrument's  manufacturer,  so  1  assume  that  the  lowest  F  #lens  normally  utilized 
was  supplied.  The  lens  has  a  500  mm  focal  length  and  a  diameter  of  1 04  mm.  1  do  not  know  the  effective  F  f 

ILEMct.UK 

Would  you  like  to  comment  on  how  these  differences  might  influence  such  a  comparison ? 
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M  C.  WiHUms,  US 

Yes,  our  L0V  is  equipped  with  four  interchangablc  80  mm  diameter  collection  lenses  of  127, 191, 318,  and  345  mm 
focal  length.  Consequently,  the  longer  focal  length  lenses  have  higher  F  #’s  and  to  maximize  performance  we  select  the 
shortest  focal  length  lens  consistent  with  our  needs.  The  LDV  lens  selected  for  the  comparison  was  not  the  lowest  F  * 
lens  available,  but  rather  the  lens  most  frequently  used  in  our  studies.  I  believe  that  there  are  areas  other  than  F  #  which 
also  contribute  to  a  sensitive  measuring  system.  For  example,  we  introduce  a  fairly  large  central  stop  in  our  collection 
lens  which  cuts  collection  efficiency  nearly  50%.  The  positive  benefits  of  doing  this  include  restricting  the  effective 
probe  volume  length  and  preventing  much  of  the  stray  reflections  from  neighbouring  surface'  from  impinging  on  the 
photomultipliers.  This  design  may,  in  part,  explain  why  despite  having  a  less  sensitive  collection  system,  the  L-2-F  I  -aser 
had  to  be  turned  off  during  the  passage  of  blades  in  an  intrablade  turbocharger  comparison  test  to  prevent  momentarily 
blinding  the  instrument  s  PMTs.  The  LDV  operating  at  the  same  intrablade  location  required  no  gating. 

W.GjUwang.  US 

For  those  testing  large  scale  turbomachinery,  it  seems  necessary  to  have  both  L2F  and  User  Doppler  (fringe)  systems. 
The  fringe  systems  have  much  higher  data  rates  and  therefore  test  costs  are  greatly  reduced,  if  they  arc  used  whenever 
appropriate.  Then  you  may  also  need  a  transit  anemometer  for  working  near  walls  or  if  very  small  (less  than  0.5  pm) 
particles  sizes  are  needed. 

M.L.G.OMMeM,  UK 

Short  duration  wind  tunnels  may  run  for  only  0.3  seconds.  How  will  it  he  possible  to  obtain  mean  velocity,  turbulence 
level  and  turbulence  spectrum  to  50  KHz  in  less  than  1  second  at  one  position  per  run'/ 

A.Boutier,  FR 

During  such  very  short  runs,  it  is  very  difficult  to  use  classical  fringe  or  2  focus  laser  vclocimeters.  One  way  may  consist 
to  use  transient  recorders  to  digitize  all  photomultipliers  signals  and  process  them  quietly  after  the  run.  Another  way  is 
to  use  the  spectrometer  laser  velocimeter  developed  at  ISL  (St  Louis.  France)  by  Dr  Smccts  and  using  the  same 
principle  as  the  Fahry-Perot  LV  of  Dr  Seasholtz  (NASA  Lewis):  but  in  this  spectrometer  velocimeter  the  Doppler 
shifted  light  is  very  quickly  analyzed  by  a  Michelson  interferometer  This  technique  proved  its  feasibility  to  characterize 
the  rapid  flow  variations  issuing  from  a  shock  lube,  but  with  a  high  seeding  of  tobacco  smoke  This  apparatus  would 
provide  mean  velocity  as  well  as  velocity  fluctuations. 

The  turbulence  spectrum  analysis  of  the  velocity  fluctuations  is  not  widely  spread  in  laser  vclocimetry.  In  fact,  with 
current  data  acquisition  rate  of  10  KHz.  when  applying  the  Shanon  criterion  one  cannot  expect  higher  frequencies  than 
5  KHz.  But  a  way  to  overcome  this  limitation  is  to  calculate  the  autocorrelation  function  of  the  signal  V(t)  and  then  its 
Fourier  transform:  nevertheless  this  procedure  necessitates  long  time  data  recordings.  Many  papers  begin  to  be 
published  on  this  subject,  essentially  at  the  ASME  meeting  held  in  Miami  ( I  7— 22/ 1 1  85).  Anyway,  in  the  type  of  flow 
you  mentioned,  to  obtain  the  velocity  fluctuations  spectrum  seems  presently  very  difficult 

T.Wychem,  NE 

As  Dr  Melling  explained,  solid  particles  are.  at  least,  less  sufficient  for  LDA  measurements.  However,  solid  particles  are 
naturally  present  in  certain  flows,  such  as  sooting  flames.  Is  it  possible  (avoiding  seeding  equipment)  to  use  soot 
particles  for  LDA  measurements  in  such  flames,  eventually  by  cancelling  out  the  strong  signals  from  big  particles? 

A.M thing,  UK 

To  my  knowledge,  successful  LDA  measurements  in  flames  have  to  date  always  required  seeding  scattering  particles.  1 
see  no  reason  why  soot  particles  should  not  be  used  as  scatterers,  although  the  signal  strength  for  a  given  particle  size  is 
likely  to  be  reduced  relative  to  seeded  refractory  particles,  because  of  the  absorptivity  of  carbon.  Whether  the  soot 
particles  would  follow  the  gas  flow  is.  of  course,  a  matter  which  can  be  decided  only  with  knowledge  of  the  particle  size 
distribution.  Soot  agglomerates  are  likely  to  have  a  higher  drag  coefficient  and  lower  effective  density  than  carbon 
spheres,  so  particles  of  "equivalent"  diameter  exceeding  the  commonly  quoted  l  pm  guideline  may  be  acceptable  as 
tracers  at  the  prevailing  conditions  of  gas  density  and  viscosity. 

Electronic  amplitude  discrimination  is  a  feasible  technique  It)  suppress  the  signal  from  particles  which  are  significantly 
larger  than  the  rest,  by  lowering  the  discrimination  level  until  the  measured  velocity  becomes  independent  of  the 
threshold.  Its  application  to  continuous  size  distributions  is  less  satisfactory:  the  technique  will  not  distinguish  between 
small  particles  crossing  near  the  central  high  intensity  region  of  the  LDA  measuring  volume  and  large  particles  crossing 
near  the  edge  of  the  volume.  The  end  result  may  be  only  a  sharp  reduction  in  the  data  rate. 

AStraziaar,  US 

Is  it  possible  to  construct  a  system  which  adapts  from  2-spots  to  2  dashes?  What  is  optimum  geometry  of  2  dashes 
system? 

A.Boutier,  FR 

The  two  dashes  LV  we  built  at  ONERA  was  in  fact  very  flexible;  when  considering  fig.  1 1  of  paper  9  (A.Boutier)  when 
the  inclined  plates  are  removed  and  the  rectangular  apertures  in  front  of  the  photomultipliers  replaced  by  circular 
holes,  the  2  dashes  LV  has  become  a  2-spots  LV,  with  2  spots  of  different  colours.  Therefore  in  commercial  2  spots  LV, 
there  are  two  simple  modifications  to  operate:  to  include  inclined  plates  in  the  emitting  part  (in  order  to  create 
astigmatism  on  spots,  the  inclined  plates  rotation  inducing  dashes  orientation)  and  to  change  circular  holes  in  front  of 
detectors  in  order  to  install  routing  rectangular  aperture  (matched  to  the  dashes  size  image). 
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The  optimum  geometry  for  a  2  dashes  system  has  to  be  checked;  in  the  ONERA  system  of  fig.  11 ,  when  varying  the 
thickness  of  inclined  plates,  the  height  of  the  dashes  varies;  when  changing  the  angle  between  the  two  stuck  prisms,  the 
distance  between  the  two  dashes  is  adjustable;  notice  that  rotation  of  the  dispersing  prism  induces  rotation  of  the  line 
joining  the  2  dashes  centre,  which  enables  one  to  optimize  the  measurement  probability  be  oause  this  line  may  be  this 
way  aligned  along  the  main  Sow  direction. 

DA.Oeeohalgh,  UK 

Does  the  two  bars  system  perform  as  well  as  the  two  spots  system  near  walls?  In  particular,  I  would  expect  the  two  bars 
system  to  have  a  lower  beam  divergence  for  one  plane  and  this  will  reduce  signal  to  Bare  ratios. 


AJloutier,  FR 

As  I  showed  in  my  paper  no.9,  and  in  more  details  in  reference  6  of  this  paper,  the  two  dashes  LV  is  a  compromise 
between  2  spots  and  fringe  LV;  it  is  practically  able  to  perform  measurements  up  to  0.7  mm  from  a  walL  Certainly  the 
SNR  is  not  as  good  on  the  wall  with  a  2  dashes  LV  as  compared  to  a  2  spots  LV;  figure  1 2  of  paper  5  shows  the 
phenomenon  very  well.  But  we  can  consider  that  it  is  still  a  good  compromise  and  may  have  further  developments,  as  it 
is  done  at  NASA  Lewis  by  M  J’.Wemet. 

R-Semshottz,  US 

This  is  a  comment  on  discussion  of  ability  of  elliptical  spot  anemometer  to  match  circular  spot  anemometer  in 
measuring  close  to  walls. 

The  ability  of  an  elliptical  spot  time-of-flight  anemometer  to  measure  close  to  walls  can  approach  that  of  a  circular  spot 
system  if  the  proper  aperture  stop  is  used.  Roughly  speaking,  the  aperture  stop  should  be  designed  to  block  light  along 
the  major  axis  of  the  elliptical  spots  and  pass  light  along  their  minor  axes. 

PJtaawtte,  FR 

Can  we  expect  limitations  of  laser  velocimetry  at  very  high  temperatures,  over  2000  K,  due  to  the  seeding  in  particular? 
I  am  thinking  about  measurements  inside  or  at  the  exhaust  of  rockets  for  example. 

A.Boutier,  FR 

The  limitation  for  using  any  laser  velocimeter  (working  on  light  scattered  by  aerosols  present  in  the  flow)  comes  from 
the  fact  that  at  temperatures  higher  than  about  3000  K  all  refractory  powders  bum.  The  most  refractory  and  fine 
powder  is  Zrt),  which  resists  until  2700  K.  Beyond  this  temperature  other  materials,  which  are  heavy  and  with  an 
unknown  size  distribution,  may  resist  but  without  oxygen  in  the  fluid  flow  (which  must  be  either  argon  or  nitrogen).  We 
looked  at  these  problems  for  plasma  jets  investigation  at  5000  K,  but  we  did  not  succeed. 

So  the  present  limitation  in  temperature  to  use  laser  velocimetry  is  given  by  Zr02  and  is  2  700  K. 

In  high  temperatures  flow,  depending  on  the  turbulence  level  and  the  flow  thickness,  the  importance  of  wandering  laser 
beams  due  to  variations  of  the  refraction  index  must  be  studied. 

PJ  Jrya— mn-Craaa.  UK 

Does  anybody  have  knowledge  of  the  use  of  laser  diodes  in  laser  velocimetry? 


A.Boutier,  FR 

J  Meyers  at  NASA  Langley  constructed  a  laser  anemometer  6  or  7  years  ago  using  a  laser  diode.  The  system  was  about 
the  size  of  a  match  box  and  was  embedded  inside  a  wind-tunnel  model  to  study  a  shock -wave  boundary  layer 
interaction.  However,  we  are  not  aware  of  any  continuing  effort  in  this  area. 
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TECHNICAL  EVALUATION  REPORT 
SESSION  III  -  PYROMETRV 

by 

J.Swithenbank 

Department  of  Chemical  Engineering 
University  of  Sheffield 
Sheffield,  S10  2TN,  UK 


Fibre  optics  have  moved  from  the  situation  where  they  were  a  solution  looking  for  a  problem  to  being  an  important  new 
diagnostic  technique  for  propulsion  applications.  The  particular  feature  in  common  between  the  papers  presented  this 
morning  was  the  use  of  fibre  optics. 

The  papers  that  we  have  just  heard  have  analysed  very  thoroughly  the  state  of  the  art  presented  by  experts  in  the 
technology,  and  the  audience  has  contributed  some  very  important  points  to  the  discussion.  This  really  makes  my  task 
particularly  easy  and  there  is  little  point  in  repeating  what  the  authors  have  already  said  with  more  authority  and  skill  that  l 
can  put  over.  However,  I  think  there  are  a  few  key  points  that  have  emerged  quite  clearly. 

For  example,  if  we  consider  the  first  paper  by  Dan  Tichener  which  presented  a  novel  and  powerful  diagnostic  technique 
for  measuring  temperature  with  very  high  accuracy  and  very  high  frequency  response,  I  would  like  to  remind  you  of  some  of 
the  potential  of  the  applications.  In  particular,  this  technique  when  used  to  measure  steady  temperature  could  determine  the 
efficiency  of  combustion  and  could  even  be  used  to  determine  the  efficiency  of  the  compressor  provided  we  can  extend  the 
measurement  temperature  down  low  enough.  C  ertainly  the  efficiency  of  the  turbine  system  could  be  assessed  and 
conceivably  it  could  be  used  for  assessing  the  dissociation  effects  in  combustors.  Thus,  in  terms  of  steady  slate,  I  believe  that 
tt  has  a  very  wide  range  of  application. 

If  we  now  look  at  the  high  frequency  capabilities  of  the  system  we  realise  that  the  fluctuating  temperature  emerging  from 
the  combustor  and  the  fluctuating  temperature  within  the  combustor  are  both  very  important  parameters  related  to  one  of 
the  unresolved  problems  of  the  present  lime,  that  is  the  interaction  between  mixing  and  kinetics  in  combustion  systems.  The 
modelling  of  such  systems  is  not  yet  at  a  completely  satisfactory  state  ard  we  urgently  need  experimental  data.  I  believe  that 
this  instrument  is  one  of  the  tools  that  we  could  use  to  address  this  problem. 

Furthermore,  we  heard  of  the  novel  application  of  the  fibre  optic  device  for  studying  transients  within  pyrotechnic 
systems.  This  leads  me  to  wonder  a  little  about  the  spatial  resolution,  since  composite  pyrotecl  Jiic  propellants  are  not 
uniform  materials.  There  are  inhomogeneities  consisting,  for  example,  of  discrete  aluminium  and  ammonium  perchlorate 
crystals  and  I  suggest  that  we  must  look  into  the  local  structures  within  these  systems  in  addition  to  the  one-dimensional 
movement  of  heat  and  flame  fronts. 


The  problems  which  arise  in  many  of  these  instruments  are  due  to  the  very  rapid  change  in  output  with  temperature; 
caused  by  the  T4  relationship.  This  means  that  at  2000  degrees,  we  get  approximately  I  per  cent  change  in  output  per  degree 
centrifuged.  Clearly  this  gives  us  the  source  of  our  high  accuracy  but  also  gives  us  the  source  of  difficulty  in  that  we  need  a 
very  wide  dynamic  range  of  the  amplifiers.  AM  the  speakers  have  addressed  this  problem  of  the  dynamic  range  of  the  sensing 
systems. 

Now  we  look  at  one  or  two  detailed  problems  in  fibre  optic  temperature  measuring  probes,  in  particular,  the  problem  of 
relating  the  true  stagnation  temperature  of  the  gas  to  the  output  from  the  probe.  This  involves  the  radiation  correction,  and 
clearly  much  more  work  is  necessary  in  this  area.  Progress  may  be  either  by  radiation  shield  development  or  some  other 
technique  such  as  the  use  of  variable  size  probes.  In  this  latter  technique,  correction  for  the  effects  of  radiation  may  be  made 
by  using  the  signals  from  two  different  sizes  of  probes  for  winch  the  radiation  correction  \  ould  be  different,  and  therefore 
correctable. 

A  further  factor  which  I  believe  should  be  addressed  is  the  coating  of  the  sapphire  fibres.  If  dirt  is  accumulated  on  the 
surface  of  the  sapphire  fibre,  some  signal  can  be  lost,  however,  if  the  fibre  of  sapphire  has  a  surface  layer  of  lower  refractive 
index,  then  we  can  eliminate  this  particular  loss.  Clearly,  development  in  this  area  is  necessary  if  fibres  are  to  be  used  in  dirty 
environments. 

Another  area  needing  attention  is  the  stability  of  the  material  of  the  fibre  tip  coating.  So  far,  experience  indicates  that 
many  of  us  have  had  problems  in  obtaining  stability  of  the  material  of  the  tip  coating  and  whilst  it  was  indicated  that  solutions 
are  perhaps  possible,  we  need  them  documenting  and  thoroughly  testing,  both  in  oxidising  environments  and  in  reducing 
environments.  For  example,  the  standard  Dills  probe  that  any  of  us  use  already  is  recommended  for  use  in  inert  atmosphere 
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above  about  1 500*C.  This  is  a  severe  restriction  when  we  wish  to  use  the  probe  for  advanced  gas  turbines,  where 
temperatures  are  approaching  stoichiometric  flame  temperatures. 

We  also  need  to  address  in  more  detail  the  problem  of  the  cavity  design.  The  cavity  at  the  end  of  the  fibre  optic  either 
needs  to  be  a  black  body  (or  a  very  close  approximation)  or  to  be  sucn  that  we  know  exactly  what  its  radiation  characteristics 
are.  This  leads  us  to  the  question  of  calibration.  The  discussion  this  morning  emphasized  the  difficulty  of  calibration 
especially  at  high  frequency. 

Thus  we  see  a  number  of  interesting  questions  emerging  from  the  particular  area  of  technology  of  the  first  paper. 

Moving  on  to  the  other  two  papers;  these  are  both  concerned  with  the  infra-red  pyrometry  of  turbine  blades.  Clearly, 
these  two  papers  have  a  great  deal  in  common  but  they  also  address  two  different  areas  to  which  I  would  like  to  draw  your 
attention.  The  paper  by  Dr  Kirby  discussed  the  problem  of  installing  fibre  optic  diagnostics  systems  on  production  engines, 
and  to  a  lesser  extent  on  research  engines.  The  other  paper,  by  Koschei  et  al,  was  concerned  very  specifically  with  a  water- 
cooled  probe-design,  which  would  be  unsuitable  for  flight  but  ideal  for  test  facility  installation. 

Lens  purge  design  was  emphasized  by  Dr  Kirby  and  I  would  like  to  return  to  this  subject  later. 

The  advantages  and  limitations  of  the  two  colour  pyrometry  were  discussed;  however  when  we  actually  try  exploiting 
this  attractive  technique  we  discover  its  limitations.  These  limitations  emanate  not  only  from  the  properties  of  the  source; 
that  is  the  turbine  blade  with  all  the  reflections  of  unwanted  signals,  but  extend  through  the  design  of  the  sensor,  the  pre¬ 
amplifiers  and  the  signal  processing  systems. 

It  has  been  particularly  interesting  to  consider  the  use  of  pyrometry  for  control  purposes  and  we  have  had  some  useful 
contributions  here  from  the  control  engineers.  Clearly  this  is  a  developing  area  of  pyrometry  since,  if  we  can  control  the 
engines  directly  from  blade  temperature,  it  will  give  us  a  sensitive  and  precise  way  of  optimizing  the  control.  As  we  increase 
the  gas  temperatures  and  hence  the  role  of  blade  cooling,  so  the  blade  temperature  as  a  direct  control  signal  becomes  more 
and  more  attractive.  The  problems  arising  from  control  are  quite  different  from  those  arising  from  diagnostics  on  test  rigs.  In 
the  latter  case,  we  require  the  temperature  distribution  over  the  blades  and  hence  want  a  high  frequency  signal.  On  the  other 
hand,  for  control  we  have  two  aspects  to  consider.  Firstly,  the  air/fuel  ratio  control,  and  here  the  important  factor  is  the  drift. 
The  long  term  drift  is  due  to  either  the  electronics  or  possibly  the  window  fogging.  Long  term  fogging  of  the  window  can  be  a 
problem  on  flight  engines,  much  more  so  than  on  rig  engines.  On  a  rig  engine,  the  provision  of  lens  purge  is  relatively  easy 
because  we  can  take  a  clean  purge  gas  supply.  On  a  flight  engine  the  purge  gas  has  to  be  taken  from  the  compressor  delivery 
air  and  this  inevitably  contains  a  variety  of  contaminants.  Oil  is  a  common  contaminant,  and  if  guns  are  fired  on  military 
aircraft,  there  is  also  the  possibility  of  ingestion  of  material  from  the  guns.  So  clearly  we  have  to  address  the  purge  problem 
quite  differently  in  the  case  of  flight  engines.  The  other  ‘control’  information  that  is  required  is  the  identification  of  faulty 
blades.  We  have  seen  how  the  diagnostic  systems  can  very  easily  resolve  individual  blades  that  are  overheating  and  one  could 
envisage  a  monitoring  system  whereby  an  engine  is  taken  out  of  service  in  preventive  maintenance  when  difficulties  are  first 
detected,  rather  than  depend  on  periodic  static  inspection  and  replacement. 

The  electronic  analysis  of  results  during  flight  to  pick  out  peak  blade  temperatures  and  to  pick  out  mean  blade 
temperatures,  whilst  eliminating  the  effects  of  carbon  particles,  is  clearly  important  and  feasible. 

I  now  wish  to  refer  briefly  to  the  installation  of  fibre  optic  probes.  The  installation  has  led  to  a  fair  amount  of  discussion 
and  is  clearly  not  an  easy  task.  If  optical  pyrometers  are  to  become  an  integral  part  of  the  engine  system  they  must  be 
designed  into  the  engine  right  from  the  beginning.  It  is  not  always  easy  to  retrofit  them  if  some  provision  was  not  made 
originally. 

There  are  a  few  areas  that  do  give  us  cause  for  thought  for  the  future:— 

(a)  Firstly,  one  would  tike  to  know  temperatures  at  more  than  one  line  at  one  radius  around  the  turbine  and  multi - 
installations  are  therefore  required.  Should  this  be  done  by  scanning  a  single  pyrometer  or  should  it  be  done  by  multiple 
installations? 

(b)  How  many  units  are  needed  for  reliability,  since  if  this  device  is  a  major  element  of  the  control  loop  then  reliability  is 
very  important. 

(c)  l  would  also  tike  to  mention  other  diagnostic  procedures  that  one  can  use  once  the  pyrometer  is  installed.  For  example, 
a  pyrometer  can  be  used  not  only  for  engine  control  but  also  for  diagnostics  of  light-up  behaviour  and  conceivably  even 
for  surge  control  etc. 

Clearly  we  have  many  potential  applications  of  optical  pyrometer  systems  and  there  is  considerable  scope  for  further 
research  and  development  of  these  devices. 

I  will  now  discuss  the  problem  of  lens  purge  design  by  the  computation  of  purge  flow,  based  on  our  experience  at 
Sheffield  University.  Purge  flow  is  particularly  relevant  to  the  flight  engine  rather  than  the  ground  based  engine.  The  basis  of 
a  purge  system  is  essentially  that  one  has  to  keep  a  clean  flow  over  the  surface  of  a  lens.  That  is,  one  must  try  to  avoid  the 
deposit  of  dirt  which  can  come  from  the  engine,  particularly  during  a  shut  down  period.  The  feature  of  a  purge  system  is  that 
you  must  not  blow  small  jets  at  the  lens.  If  you  do,  they  will  entrain  dirt  which  will  be  thrown  at  the  window  and  will  stick 
there  and  give  trouble.  The  correct  approach  is  much  more  akin  to  the  combustor  film  cooling  design  problem  where  you  try 
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to  put  a  film  of  clean  gas  over  the  surface.  If  we  represent  the  purge  flow  situation  (or  the  film  cooling  flow)  in  terms  of  the 
length  of  the  potential  core  of  the  film  over  the  surface  as  a  ratio  to  the  height  of  the  slot  blowing  the  film  over  the  surface, 
and  plot  this  ratio  against  the  velocity  ratio  of  the  jet  flow,  (that  is  the  ratio  of  the  flow  velocity  through  the  slot  to  the  external 
flow  velocity),  then  you  find  that  at  matching  velocities  there  is  a  relatively  long  distance  protected.  At  a  high  jet  flow  velocity 
protection  is  achieved  for  a  length  corresponding  to  approximately  8  jet  heights.  At  low  purge  flows,  a  length  corresponding 
to  approximately  5  jet  heights  can  be  protected.  This  then  is  the  crude  basis  of  a  purge  flow  design,  but  one  has  to  analyse  the 
actual  design  in  more  detail.  We  have  carried  out  some  design  computations  using  the  FLUENT  code.  The  first  case  consists 
of  a  window  located  with  a  purge  flow  coming  down  a  relatively  large  annular  passage  behind  the  lens,  then  accelerating  the 
flow  through  a  narrow  radial  slot  around  the  lens.  The  slot  should  protect  to  approximately  5  slot  heights  in  other  words  the 
slot  height  needs  to  be  about  a  tenth  of  the  diameter  of  the  lens.  The  results  of  the  computations  show  that  the  jet  flows  in 
radially  and  protects  the  lens  fairly  well.  However,  there  is  a  large  recirculation  region  in  the  centre  of  the  lens  and  an  annular 
recirculation  zone  downstream  of  the  purge  slot.  The  recirculation  in  the  centre  of  the  lens  is  of  the  order  of  one  fifth  of  the 
diameter,  and  there  is  the  possibility  that  some  material  will  be  deposited  in  this  region.  If  you  have  initially  picked  up  fuel  on 
the  lens  surface  then  the  jet  coming  across,  (if  its  velocity  is  about  50  metres  per  second),  will  remove  the  particles  from  the 
surface  unless  they  are  very  tightly  bonded  or  burnt  on.  This  criterion  corresponds  to  the  saltation  velocity,  which  varies 
from  about  20—50  metres  a  second.  However  you  cannot  easily  remove  the  material  from  the  centre  of  the  lens.  Using  the 
capability  of  particle  tracking  which  is  built  into  the  FLUEN  T  code,  particles  may  be  introduced  at  different  points  to  ensure 
that  they  follow  a  path  which  leaves  the  lens  fairly  clear.  Such  particles  may  arise  if  there  is  oil  contaminating  the  purge  flow. 
The  capability  of  FLUENT  to  calculate  the  paths  of  the  particles  including  the  effects  of  turbulence  on  the  particle  trajectories 
is  also  useful.  For  example  5  micron  particles  introduced  as  a  group  spread  somewhat,  but  still  keep  away  from  the  lens. 

When  we  go  down  to  one  micron  particles  there  is  significant  turbulent  diffusion  of  the  particles.  Some  of  them  are  carried 
back  into  the  central  recirculation  eddy. 

Clearly,  if  we  have  a  very  short  duct  between  the  lens  and  the  turbine  flow  then  it  is  possible  to  get  external  flow  into  the 
central  recirculation  region.  If  there  are  particles  present  of  certain  critical  sizes  they  can  be  deposited  on  the  lens. 

In  an  ixi  symmetric  design,  the  size  of  that  recirculation  eddy  in  the  centre  of  the  lens  is  due  to  the  fact  the  flow  is  coming 
radially  inwards,  hence  a  lot  of  flow  is  trying  to  get  towards  the  centre  of  the  lens  esulting  in  a  large  separation  effect.  In  our 
next  study,  we  took  a  2-dimensional  purge  flow  rather  than  an  annular  situation,  with  purge  gas  velocity  coming  past  the 
surface  of  the  lens  of  the  same  order  as  the  turbine  entry  vcUk  ities.  In  this  case  there  is  an  extremely  small  separation  region 
because  of  the  2-dimensionality  of  the  flow,  rather  than  the  3-dimensionality  discussed  above.  Particle  paths  of  one  micron 
introduced  at  different  regions  keep  relatively  clear  of  the  lens.  Ten  micron  particles  do  not  follow  the  flow  but  hit  the  wall, 
bounce  off,  and  then  are  entrained  into  the  purge  flow.  When  we  decreased  the  width  of  the  slot  we  observed  strong  vortices 
and  higher  velocity  vectors  which  purged  the  lens  rather  better.  However,  one  must  not  of  course,  reduce  the  slit  too  small 
otherwise  there  will  be  entrainment  of  particles  into  the  mixing  layer  which  will  actually  get  through  to  the  surface  of  the  lens. 
Following  particles  of  one  micron  through  the  narrow  slit  is  interesting  since  their  trajectories  almost  coalesce  independent 
of  where  the  particles  are  introduced.  Thus  following  the  particle  path  throws  quite  a  lot  of  light  on  what  is  happening  in 
these  systems,  especially  if  we  include  the  effects  of  particle  diffusion  due  to  the  turbulence  in  the  gas. 

These  systematic  studies  illustrate  the  phenomena  that  arc  occurring  in  purge  systems  and  clearly  we  need  a  great  deal 
more  analysis  before  we  can  evolve  a  reliable  design  procedure  for  production  type  applications. 

Finally,  we  conclude  that  we  have  a  rapidly  evolving  area  within  the  technology  of  the  application  of  fibre  optics  to 
pyromelry,  which  may  be  applied  to  propulsion  systems. 

The  three  papers  presented  in  session  III  all  used  a  fibre  optic  element  in  their  construction  together  w  ith  a  sensor  and 
electronic  signal  processing  to  translate  the  radiation  measurement  to  temperature. 

The  first  paper  described  a  temperature  probe  which  used  a  coating  on  the  end  of  the  probe  or  a  surface  adjacent  to  the 
end  of  the  sapphire  probe  as  a  grey  /black  body  cavity.  The  other  two  papers  both  used  a  lens  located  beyond  the  end  of  the 
fibre  optic  rod.  focused  on  a  remote  point  on  the  turbine  blade,  to  indicate  blade  temperature.  These  two  papers  presented 
pyrometer  systems  suitable  for  application  to  flight  engines  and  research  turbines,  respectively. 

In  all  cases  the  high  frequency  response  and  good  potential  accuracy  of  the  devices  were  demonstrated.  The  value  of  the 
pyrometers  for  diagnosing  faulty  blades  was  also  notable. 

During  the  presentation,  and  the  discussion  period,  problems  requiring  further  research  and  development  were 
identified  due  to: 

( 1 )  the  lower  temperature  limit  of  the  sytems 

(2)  the  survival  of  the  black  body'  film  on  the  surface  of  the  sapphire  temperature  probe 

(3)  the  coating  of  the  sapphire  with  low  refractive  index  material  to  prevent  the  loss  of  radiation  due  to  surface 

contaminants 

(4)  the  precise  calibration  of  the  temperature  probe,  particular!}  during  rapid  transients.  Both  the  relationship  between  the 

probe  tip  temperature  and  the  required  gas  temperature  must  be  clarified 

(5)  the  increase  in  signal  noise  which  occurs  at  low  temperature  and  with  low  spot  size  when  using  the  remote  pyrometers 

(6)  the  sensitivity  of  the  pyrometers  to  scattered  radiation  and  changes  in  surface  emissivity  was  indicated 


(7)  the  importance  of  making  provision  for  installation  of  the  pyrometers  at  the  initial  engine  design  stage  was  emphasized 

(8)  the  problems  and  advantages  associated  with  two  colour  pyrometry  were  both  highlighted 

(9)  the  problems  associated  with  window  purging  for  flight  applications  require  further  study  since  the  available  purge  flow 
may  contain  oil  and  other  contaminants 

As  a  result  of  this  session,  priority  items  for  further  R  &  D  work  are:—  (a)  temperature  probe  lip  designs  to  achieve  good 
life  and  accuracy,  and  (b)  design  of  lens  purge  systems  for  flight  installations  of  the  turbine  blade  pyrometer. 
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Sapphire  Fiber  Optic  temperature  Probe  • 
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ABSTRACT 


A  sapphire  fiber  optic  pyrometer,has  been  developed  for  use  in  combustion  env  t  ►'onnents  .  '*•  j0'  *  q..-  a- ■  •*■• 

of  the  device  are  described.  One  Is  designed  to  measure  rapid  qas  temperatu  *  uc  tuat  i  on*  ar  ,  the  -■t*»er 
1-*  designed  to  measure  the  rapid  temperature  rise  in  a  confined  pyrotechnic  .-no*-  to  igmf’on  "np 
element  In  the  device  Is  a  hiqh  temperature  optical  fiber  made  of  sinqle-crysia  ’  a’umina  .sappM*^  «■♦.* 
thin  film  of  platinum  deposited  on  one  end.  Temperature  is  derived  from  the  intensity  n*  tne^na  fair  a** 
emitted  by  the  platinum  and  collected  by  the  fiber  The  device  is  capable  of  measure  a p ' ,1  ja  temi*e«--i- 
ture  fluctuations,  In  excess  of  10kHz,  In  harsh  environments  where  thermocouple  life  ’  s  seven-’,  ' 'm 
by  oxidation,  corrosion,  or  erosion.  A  second  conMqurat ior,  of  the  device  collects  infrared  •>*■• 

directly  from  a  solid  object  and  ooerates  in  the  mid- infrared  to  detect  lower  temperatures  'hr  tempt** a 
ture  of  a  confined  pyrotechnic  has  been  measured  in  the  range  from  170  *  to  1 !  X!  »  a?  neat’*.*;  ‘ate-,  jreafe* 
than  100  K  per  microsecond. 


INTRODUCTION 


The  requirements  for  temperature  measurements  in  industrial  research  ang  development  are  "umpr.,.j>.  me*  »  te 
ly  varied  To  meet  these  needs  new  methods  of  temperature  measurement  using  *ibe*'opt,,%  nee*  )*>„♦. 

oped.  ’ Some  of  the  advantages  offered  bv  fiberopti;  sensors  are  i*»riun'tv  to  Rf  noise,  :  >«.  •h<,™w' 
conductivity,  fast  response  time  and  resistance  to  harsh  -her','aT  environments  ’hese  apabi  ’t'e  ** 
extended  in  some  applications  by  usinq  sapphire  optical  t*bers  Sapphire  #n>e»-i.  are  ava'aMe  n  ’  *  ’»• 
short  lenqths  sufficient  for  use  as  sensing  elements  but  not  for  transmi  ss  ’nr  over  long  distan.es  Seve*<» 
properties  of  sapphire  are  useful  in  temperature  measuring  appli  at  tons  first.  .appn**e  rema’ns  t«ans- 
parent  in  the  optical  and  near  infrared  at  elevated  temperatures  Second,  at  raoo  temperature  the  **ans 
mission  band  extends  to  4  microns  Finally,  the  melt’-ng  pr-mt  of  sapphire  is  n-ghe*  than  that  *  vnypr- 
tional  . i  1  lea  fibers  and  plat inum- rhodium  thermn  oupifs 


In  this  paper,  two  applications  of  sapphire  riber;,pt<  --ensors  are  desir'bel  :he  appl’.at’  <*•  »••*■ 

different,  and  the  devices  are  configured  accordingly.  'he  f’rst  device  was  developed  V’..i  le«mv  *  •  a  *  e  ,*  t. 
R.  R.  Oils  of  the  National  Bureau  of  Standards  now  with  A,  L  jf  ’be*  company  in  vanrouve*  .  w.»  ,*•  •  ngtm  m.* 
one  of  us  (DAT!  to  measure  rapid  temperature  flu*  tuat  ions  in  /ombust ’p*-  gases  7  ’he  se  •  .,",c  1 

to  measure  the  rapid  heat-up  of  a  confined  pyrotechnic  prior  to  ign*tu»n. 


MLASURtKtNTS  0?  •  lJCTuAT  K)N! 


Temperature  fluctuations  in  combustor  exhaust  gases  are  of  pra<*i,:a!  interest  because  lowns* rPar  *mp,.nen*-,. 
such  as  turbine  blades,  can  suffer  fatique  of  protective  metal*o*ide  surface  ’avers  and  ,v  if ’.eMted  ,*•$«- 
tlon  and  corrosion  due  to  the  temperature  fluctuations,  '..as  temperature  f1-*.  tuat  ions  have  been  m»»as.,red 
in  combustion  environments  using  fine-wire  thermot  ouples  with  <*.  bandwidth  of  l  m;.1 


A  sapphire  fiberoptic  temperature  probe  was  developed  to  increase  the  bandwidth,  the  ma^mum  operating 
temperature  and  the  lifetime  in  harsh  environments  The  key  element  in  tnis  device  *s  a  high  tempera;  u**e 
optical  fiber  made  of  sapphire  (see  Fiqure  1', 
which  remains  transparent  and  non-emitting  In 
the  optical  and  near  Infrared  at  temperatures 

up  to  its  melting  point,  2345  K.  On  one  end  r- °LAT|NUM 

of  the  fiber  a  thin  film  of  platinum  or  other  Thin  FILM 

high  temperature  alloy  serves  as  a  thermal 

radiator.  The  other  end  of  the  high  tempera-  p  SAPPHIRE 

ture  fiber  is  connected  to  a  photodetector  /  \ 

through  a  conventional  fused  silica  fiber.  In 
operation,  thermal  radiation  from  the  metal  1c 
thin  film  is  collected  by  the  high -tempera ture 
fiber  and  transmitted  through  the  conventional 
optical  fiber  to  a  detector  assembly.  The 
radiation  Is  then  transmitted  through  a  band 
pass  filter,  and  the  Intensity  is  measured 
using  a  photodetector.  The  system  Is 
calibrated  to  account  for  the  emlsslvlty  of 
the  thln-fllm  tip,  the  responslvity  of  the 

detector  and  the  gain  of  the  amplifier.  /  PHOTO  FILTER 

^PVROMETRY  OIODE 

The  frequency  of  response  of  the  fiberoptic  SIGNAL 

probe  Is  Inherently  superior  to  that  of 
fine-wire  thermocouples  because  the  output 

of  the  fiberoptic  device  depends  only  on  the  Figure  1.  High- Tempera ture  Fiberoptic  Thermometer 

surface  temperature  of  the  probe.  The  output 
of  a  thermocouple  depends  on  the  internal 

temperature  of  the  wire.  As  a  result,  the  transfer  function  that  relates  gas  temperature  to  probe  temperature 
decreases  at  a  rate  of  3  db  per  octave  at  high  frequency  rather  than  the  6  db  per  octave  characteristic  of 
thermocouples. 


The  high  frequency  performance  of  the  fiberoptic  optic  probe  was  demonstrated  using  a  laboratory  combustor 
which  creates  a  thermodynami **  and  aerodynamic  environment  similar  to  that  produced  by  gas  turbine  main 
burners.  The  fuel  Is  Injected  through  a  pressure  atomizing  nozzle  at  the  front  of  the  combustor,  which  has 
an  exit  nozzle  5  cm  In  diameter.  Primary  and  secondary  air  Is  supplied  Independently  to  permit  external 
adjustiLL-nt  of  the  air  flow  within  the  combustor.  By  adjusting  the  flow  of  primary  and  secondary  air  it  Is 
possible  to  vary  the  power  spectral  density  function  of  gas  temperature  within  the  combustor  exhaust  from 


M'-iad  ban.?  riejr  >  jn.joff '  t  narrow  band  near  harmonic]  profiles. 

~.  ;’r-totvpe  * 1  bpr  ,ipt 1  ■  pyrometer  was  constructed  using  a  sapphire  fiber  1.2?  rnm  in  diameter  and  50  mm  in 
e'-  jt*.  ft  thm  fi>  of  platinum,  about  cOOO  Angstroms  in  thickness,  was  sputtered  on  one  endandalong 


the  \ije-v  ::f  the  fiber  for  a  distance  of  1.5  mm.  Ti 

•  ■  i  ■  invent tona 1  plast’c-c ’ad-si  1 ica  fiberopt1 
'.•lying  a  1.0 re  diameter  of  400  microns.  The  silica 
f'ber  was  protected  from  the  combustion  tempera- 

•  i'-es  using  a  water  cooled  jacket  that  exposed 
.i  J  ,t  length  of  the  sapphire  fiber  to  the 
e<nauS?  gases.  Thermal  radiation  transmitted 
through  the  silica  fiber  was  collected  by  a  lens 
•it  the  receiving  end,  filtered  at  a  center  wave- 
>n  jtn  of  800  nanometers  with  a  bandwidth  of 

'  Y-  nanometers,  and  detected  using  a  silicon 
.notodiode  The  photocurrent  was  amplified  using 
i  two-staqe  solid  sta^e  amplifier  having  a  current 
!:■  vcTtjge  ;a’n  of  10'  volts  amp. 

’ne  primary  and  secondary  air  supplies  to  the 
•mpust.ir  were  adjusted  to  yield  a  relatively 
* lat  spectrum  with  maximum  high  freguency  content, 
'he  power  spectrum  of  the  emitted  radiation  was 
■vv- .rpd  pUt  to  a  freguency  of  14  kH2  and  divided 
tv  the  squared  modulus  of  the  system  transfer 
♦.in.  ‘ion  to  ■“'eld  the  power  spectrum  of  the  gas 
femperati-  e.  The  resulting  power  spectrum 
r  Mure  is  almost  flat  out  to  1  kHz  and 
Mtains  significant  components  beyona  that 
frequency.  The  amplifier  noise  power  spectrum 
w’tn  the  l»ght  to  the  photodiode  blocked)  is 
shown.  At  14  -Hz  the  signal  spectrum  is 
jreater  than  the  amplifier  noise  spectrum.  This 

•  >  a  significant  xtension  beyond  the  freguency 
range  covered  by  fine-wire  thermocouples . 


other  end  of  the  sapphire  fiber  was  optically  coupled 


FREQUENCY  (Hz) 


Figure  2. 


HIGH-SPEED  TEMPERATURE  MEASUREMENTS  IN  A  CONFINED  PYROTECHNIC 

A  sapphSv*  fiberoptic  temperature  probe,  significantly  different  from  the  device  described  above,  has  been 
developed  to  measure  the  rapid  temperature  rise  in  a  confined  pyrotechnic  prior  to  ignition.  This  data  is 
useful  In  developing  a  better  understanding  of  the  ignition  process,  which  is  known  to  depend  on  tempera¬ 
ture.  heating  rate  and  the  degree  of  compaction. 5  The  details  of  this  dependence  are  not  well  understood. 

In  this  application  the  device  must  measure  temperatures  well  below  that  of  combustion  processes  with  a 
bandwidth  much  higher  than  that  observed  in  the  above 
experiment.  To  achieve  lower  tempera¬ 
ture  capability,  the  system  is  operated  at 
'n  the  mid- infrared .  Higher  bandwidth  is 
achieved  by  omitting  the  thin-film  thermal 
radiator  and  collecting  thermal  radiation 
directly  from  the  surface  of  the  pyrotechnic. 

The  Instrument  is  comprised  of  a  1  mm  sapphire 
optical  fiber,  one  end  of  which  is  pressed 
aqainst  the  pyrotechnic  so  that  the  charge  is 
completely  confined  (Figure  3).  Thermal 
radiation  is  collected  directly  from  the 
pyrotechnic  and  qjided  to  a  set  of  calcium 
fluoride  lenses.  The  lenses  focus  the 
radiation  onto  a  liquid-nitrogen-cooled, 
indium  arsenide  detector  which  has  a  peak 
sensi t i vi ty at  3  microns.  Conventional 
optical  fibers  become  opaque  above  2  microns, 
making  them  unsuitable  for  tnis  appl  icat  . 
however,  sapphire  fibers  transmit  wavelengths 
up  to  4  microns.  Temperatures  in  the  range 
179  *  to  1190  *  can  be  measured  with  i  »-ise  '’•op  ’ “s , 
required  to  observe  the  rapid  he* t  .jp  at  *  g' ,-er  ... 
wave . 


To  derive  temperature  from  thp  measurement : 
we re  performed  an  t  used  in  the  ,,i!  'h'd*  'or 
pxper •  lental  1  y  ,af  3  miror;  *:•  determine  whe 

the  *ar  Surface  an*  in Mate  the  tpmpe*  »*., 
was  composed  ?  i  t  1  .tr  -  jt'M  1  Me  >r.-  ;■  *  i 
rhe  qniti  'n  c1*  a  .‘‘0  '"■IImm'*  *'*•  :-  «'■  -b 

experiment  was  to  Jete^  •  "p  whr**-,..  •  "t  • 
rpspn’-se  f  i me  .  Ar«  approximate  j' 
profile  *  the  pyr?»?e-  hr  ’  %h-,w.  the  •  .  • 

me*S  J’e-npot  .  *he  he**’".,  •»*»'  ,  <••  ;• 

about  ft  ,r>  !,  r"-w1  M  *  ..... 

due  to  me  '  f  •  e  ;  -  *  •  np  » 
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a  wore  careful  calibration  should  reduce  this 
discrepancy.  In  any  case,  the  melting  of 
potassium  perchlorate  In  this  mixture  cannot 
be  observed  at  low  heating  rates  where  the 
pyrotechnic  Ignites  below  the  melting  point 
of  potassium  perchlorate.  In  a  subsequent 
experiment  the  endothermic  process  was 
observed  at  heating  rates  on  the  order  of 
100  Kelvins  per  microsecond.  At  higher 
heating  rates  the  endothermic  reaction  Is 
not  as  well  delineated  as  In  Figure  4, 
perhaps  due  to  a  slight  tilt  of  the 
deflagration  wavefront  relative  to  the 
plane  containing  the  end  of  the  fiber. 

A  two-color  version  of  the  Instrument  Is 
being  built  so  that  accurate  temperature 
measurements  can  be  made  without  precise 
knowledge  of  the  emlsslvlty. 


Figure  4. 


TIME  (MICROSECONDS) 


CONCLUSIONS 


Dynamic  temperature  measurments  In  a  laboratory  combustor  demonstrate  the  capability  of  measuring  tempera¬ 
ture  fluctuations  at  frequencies  up  to  14  kHz  using  a  sapphire  fiber  optic  pyrometer.  These  measurements 
extend  the  frequency  range  previously  covered  using  fine-wire  thermocouples  by  more  than  an  order  of 
magnitude. 

A  sapphire  fiber  optic  pyrometer  operating  In  the  mid-infrared  can  be  used  to  measure  the  rapid  heating 
In  a  confined  pyrotechnic.  Heating  rates  as  high  as  100  K  per  microsecond  can  be  observed  with  sufficient 
response  time  to  resolve  endothermic  reactions  prior  to  Ignition. 
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FIGURE  CAPTIONS 


Figure  1. 
Figure  2. 

Figure  3. 
Figure  4. 


High-Temperature  fiberoptic  pyrometer 

Power  spectral  density  function  of  exhaust  gas  temperature  for  case  4,  Figure  4  measured  by 
the  fiberoptic  probe  to  a  frequency  of  14  kHz. 

Infrared  fiberoptic  pyrometer  for  measuring  temperature  of  a  confined  pyrotechnic. 

Temperature  of  pyrotechnic  PA-29  during  Ignition  as  measured  by  a  sapphire  fiber  optic 
temperature  probe. 
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DISCUSSION 


AJsderhof,  Switzerland 

( 1 )  What  is  the  lowest  temperature  that  can  be  detected  with  the  high-temperature  fibre  optic  thermometer  and  how 
does  it  influence  the  maximum  achievable  frequency? 

(2)  What  is  the  influence  of  contaminants  such  as  soot  on  the  behaviour  (frequency  response)  of  the  high-temperature 
thermometer? 

Author’s  Reply 

(1)  The  practical  lower  temperature  for  this  device  is  5500  degrees  C.  To  operate  at  a  given  signal-to-noise  ratio  the 
integration  time  must  be  increased  as  the  temperature  (and  therefore  the  signal  level)  decreases.  As  a  result  the 
maximum  achievable  frequency  will  decrease  at  lower  temperatures. 

(2)  Contaminants  deposited  on  the  probe  will  have  no  effect  on  the  frequency  response  as  long  as  the  thickness  of  the 
deposited  layer  is  thin  compared  to  the  thermal  wavelength  corresponding  to  the  highest  frequency  of  interest. 


T.Wychers,  NE 

You  stated  that  the  temperature  measurement  is  not  affected  by  radiation  loss,  due  to  the  high  gas  velocities.  Can  you 
give  an  estimated  gas  speed,  where  the  drop  of  temperature  measured  (due  to  radiation  loss)  is  1 0  degrees?  At  low 
speeds  the  drop  can  be  several  hundreds  of  K  (as  you  and  I  measured). 

Author’s  Reply 

At  low  gas  velocities  the  radiation  correction  for  the  fibre  optic  probe  is  similar  to  that  for  thermocouples.  The 
temperature  correction,  which  may  be  several  hundred  Kelvin,  depends  on  several  parameters,  including  gas  velocity, 
probe  diameter  and  emissivity.  The  error  in  the  correction  is  typically  dominated  by  uncertainty  in  the  probe  emissivity. 


W.G.AIwang,  US 

( 1 )  Have  you  attempted  to  confirm  experimentally  the  transfer  function  derived  theoretically?  In  particular,  the  point 
where  transition  from  6dB  per  octave  to  3dB  per  octave  occurred?  (In  my  opinion,  experimental  confirmation  is 
needed). 

(2)  Have  you  had  any  problems  with  survival  of  the  film? 

Author’s  Reply 

(1)  We  have  not  attempted  to  verify  the  transfer  function  experimentally.  1  agree  that  experimental  verification  is 
needed. 

(2)  We  did  have  some  problem  with  adhesion  of  the  platinum  film  to  the  sapphire.  The  platinum  appeared  to  adhere 
better  to  the  end  of  the  fibre,  which  had  been  polished  with  an  abrasive,  than  to  the  side,  which  was  formed  in  the 
edge-defined-growth  process. 


M.L.G.OIdfieM,  UK 

( 1 )  Would  it  be  possible  to  use  the  step  rise  in  temperature  from  a  shock  tube  to  calibrate  the  probe? 

(2)  Is  not  the  main  problem  of  high  frequency  calibration  that  of  knowing  the  heat  transfer  coefficient  between  the 
flow  and  the  probe  tip,  as,  at  high  frequencies,  the  probe  effectively  measures  heal  transfer  rates? 

(3)  Would  a  coating  with  zero  emissivity  on  the  outside  and  an  emissivity  of  one  on  the  film-sapphire  interface 
remove  the  necessity  of  radiation  correction? 

Author's  Reply 

( 1 )  The  impulse  response  of  the  probe  could  be  measured  using  a  shock  tube  if  the  gas  velocity  and  gas  temperature 
are  accurately  known. 

(2)  I  agree  that  the  gas  temperature  measurements  are  limited  mainly  by  the  uncertainty  in  the  heat  transfer 
coefficient. 

(3)  A  low  emissivity  (high  reflectivity)  coating  would  reduce  the  radiation  correction  for  both  the  fibre  optic  probe 
and  thermocouples.  However,  it  is  difficult  to  maintain  such  a  surface  in  a  high  temperature  environment.  In  any 
case  some  thermal  radiation  must  be  emitted  to  provide  the  pyrometry  signal. 


M.Mlsrahi,  FP, 

In  order  to  know  the  heat  transfer  to  the  back  of  our  rockets,  we  do  tests  at  a  reduced  scale.  During  these  tests  we 
measure  the  convective  flux  and  also  the  temperature  of  gas  at  the  back.  Presently,  the  measurement  of  temperature  has 
been  done  by  thermocouple  but  we  do  not  get  a  good  measurement  because  during  the  short  time  of  the  propulsion 
( <0.5s)  the  response  of  the  thermocouple  is  not  very  quick.  With  a  range  of  temperature  of  gas  of  1 000  K  to  2000  K 
and  this  short  time  of  the  test,  do  you  think  your  thermometer  is  suitable? 


1 6-5 


Author’s  Reply 

The  task  of  measuring  gas  temperature  in  a  transient  event  with  the  fibre  optic  probe  is  more  difficult  than  that  of 
measuring  the  power  spectral  density  of  a  random  process  as  demonstrated  in  this  paper.  In  a  transient  even  we  must 
know  the  correction  for  both  the  amplitude  and  phase  of  the  transfer  function,  while  the  power  spectraj  density  function 
depends  only  on  the  squared  modulus  of  the  transfer  function. 

I  understand  that  Accufiber  Company,  Vancouver,  Washington  is  in  the  process  of  applying  a  fibre  optic  probe  to  the 
measurement  of  gas  temperature  in  a  reciprocating  engine.  Your  requirements  (0.5  s)  would  be  less  demanding  in  terms 
of  frequency  correction  than  in  the  engine  application. 


D.A.Gfeenbalgh,  UK 

Would  it  be  possible  to  check  your  high  frequency  response  experimentally  in  a  clean  tailored,  turbulent  flame  by 
comparison  with  Rayleigh  scattering? 

Author’s  Reply 

Yes,  it  should  be  possible  to  measure  the  transfer  function  of  the  fibre  optic  probe  by  simultaneously  measuring  the 
temperature  in  a  turbulent  flow  using  Rayleigh  scattering  and  comparing  it  to  the  probe  response.  If  the  measurement 
volume  for  the  Rayleigh  system  is  located  a  small,  known  distance  upstream  of  the  probe  tip,  both  the  amplitude  and 
phase  of  the  transfer  function  can  be  measured. 
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SOME  CONSIDERATIONS  RELATING  TO  AERO  ENGINE  PYROMETRY 

P.  J.  Kirby 
Vice  President 
Land  Turbine  Sensors  Inc. 

P.0.  Box  1623 
Fox  Drive/Main  Street 
Tullytovn ,  PA  19007,  USA 


SUMMARY 

With  turbine  blade  optical  pyrometry  rapidly  becoming  accepted  by  the  aerospace  community  as  a  viable  flight 
control  technique,  some  of  the  traditional  and  emerging  demands  are  described,  with  examples  of  how  they  are 
being  addressed. 

Many  of  these  demands  are  now  being  met  by  skilful  application  of  materials  technology,  electronic 
engineering,  signal  processing  and  fluid  flow  techniques,  but  it  is  probable  that  flight  conditions  will 
Impose  a  more  pragmatic  approach  than  customarily  adopted  towards  test  bed  installations, 

NOMENCLATURE 

A 

A,  B,  C 
cd 

c2 

D 
d 

£ 
f 

F(A,T,Ta) 

G 
I 

J(A,T) 
k 
L 
N 
R 
8 

S(A) 

T 
U 

Vn 

V(T) 
w 

subscript  a 
b 
m 
r 
8 
t 


INTRODUCTION 

Since  its  introduction  in  the  aid- I960' 8,  optical  pyrometry  has  gained  widespread  acceptance  as  an  invaluable 
technique  for  turbine  blade  temperature  measurement  in  engine  research  and  development  programs.  However, 
since  the  Turbo-Union  RB199  turbofan  was  first  instrumented  with  flight  pyrometers  in  the  early  1970'a, 
acceptance  of  the  technique  in  flight  has  been  slow,  the  only  other  known  example  being  the  General  Electric 
F110  turbofan.  '  r.  ■■  Li 

The  purpose  of  this  paper  is  to  highlight  mome  of  the  more  important  aspects  of  turbine  pyrometry  in  relation 
to  its  acceptability  for  flight  usage.  Difficulties  still  remain,  however  there  are  clear  signs  ftct -only  — 
that  flight  pyrometry  will  very  probably  be  employed  in  the  next  generation  of  high  performance  combat  air- 
qtaft  engines ^but  also  that  successful  deployment  of  the  technique  may  well  be  a  prerequisite  to  effective 
management  o T  the  high  operating  temperatures  planned  for  such  engines. 

tA  >  -  .  *  t  s  S  f  1  '  •*  ■" :  P  •  •  *  <" ;  I  i  i  r 

jNTERCHANGEABILITY;  lo  X  m  4  «•  T  r  >v-  to  4  \  *  X  '  >  t  €  CK  5  U  v  *  n  T j  Rg.  4  ifr  Mo* 

*r4  V-  r  <»  v.i «  .•  »  »  • .  i/  .  ^ — — 

There  are  obvious  logistical  needs  for  pyrometers  to  be  Interchangeable,  particularly  in  military  applications. 
Optical  and  mechanical  features  present  no  severe  problems  in  this  regard,  but  pyrometer  output  signal 
characteristics  can  vary  markedly  from  one  instrument  to  another. 

The  silicon  photodiode  is  widely  accepted  as  the  optimum  detector  for  turbine  blade  pyrometry,  and  produces 
a  photocurrent  which  is  a  function  of  both  target  temperature  and  ambient  temperature.  The  ranges  pertinent 
to  aero  applications  are  approximately  870-1450  K  and  220-400  K. 


wavelength 

constants 

detector  shunt  capacitance 
second  radiation  constant 
lens  stop  diameter 
target  spot  diameter 
emissivity 
frequency 

pyrometer  signal,  blackbody  source 
amplifier  gain-bandwidth  product 
photocurrent 

spectral  intensity  of  emitted  radiation,  Wien  approximation 

calibration  scaling  constant 

pyrometer  focus  distance 

noise  equivalent  temperature  (Kelvin) 

feedback  resistance 

velocity  of  target  spot  on  rotor 

detector  spectral  response 

temperature  (Kelvin) 

view  factor 

noise  voltage 

pyrometer  output  radiance  voltage 

viewable  blade  width 

ambient 

blade 

maximum  photocurrent  response 

ratio 

system 

target 

short  waveband  channel 
long  waveband  channel 
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The  characteristic  I  «  F(T,Ta) ,  from  which  temperature  is  inferred,  Is  extremely  stable  and  reproducible  for 
a  single  detector,  but  differs  between  detectors.  One  standardisation  approach  is  to  adopt  an  average 
characteristic,  based  upon  a  large  sample,  and  control  detector  reproducibility.  This  requires  rigid  speci¬ 
fication  of  the  starting  silicon  crystal  and  its  subsequent  processing.  The  approach  is  limited  in 
effectiveness  by  the  need  for  reasonable  device  yield,  with  a  realistic  reproducibility  corresponding  to 
measurement  error  of  5-10  K  of  target  temperature.  The  attendant  problems  of  device  supply  reliability  and 
cost  are  severe. 

An  alternative  approach  obviating  the  need  for  detector  reproducibility  may  be  formulated  as  follows. 
Spectral  sensitivity  typical  of  a  silicon  detector  at  room  temperature  is  shown  in  Fig.l.  Blackbody  radi¬ 
ation  illumination  produces  a  photocurrent  according  to  the  product  S(X)J(X,T),  that  is 

dl  «  S(X)X“5exp(-C2/XT)dX  (1) 

The  result  is  a  spectrally  sharp  spike,  with  peak  photocurrent  occurring  at  approximately  1  ym  for  the 
entire  target  temperature  range  of  interest.  This  suggests  approximating  to  monochromatic  response  at 
approximately  1  ym,  thus 


I  «  Xm‘5exp(-C2/XmT)  (2) 

Fig. 2  shows  typical  deviation  between  the  approximation  and  numerical  integration  of  the  product  S(X)J(X,T). 
Over  the  range  870-1450  K,  the  maximum  error  is  less  than  3  K. 

The  ambient  temperature  dependence  may  be  incorporated  as  follows.  The  intrinsic  energy  gap  for  silicon  can 
be  approximated  with  very  little  error  by  a  linear  dependence  (Ref.l),  therefore  1/Xm  would  be  expected  to 
show  a  similar  dependence.  In  addition,  the  variation  of  I  with  ambient  temperature  is  invested  pre¬ 
dominantly  in  the  exponential  term  of  Eq.  (2)  ,  suggesting  a  further  approximation 


I  «  exp-  [  (A+BTa )  /T ] 

(3) 

or 

T  -  (A+BTa) /(C-EnI) 

(4) 

The  set  of  values  A,  B,  C  is  determined  empirically  and  is  unique  to  a  particular  detector.  By  providing 
read-out  of  A,  B,  C  and  Ta  from  each  pyrometer,  T  can  be  determined  from  Eq.(4)  using  s  standard  software 
routine  in  the  engine  control  computer,  and  complete  interchangeability  of  pyrometers  is  achieved.  Typical 
accuracy  for  the  technique  is  ±5  K  for  all  ambient  and  target  temperature  combinations. 

PEAK  BLADE  TEMPERATURE  MEASUREMENT 

While  average  rotor  temperature  can  be  obtained  comparatively  easily,  peak  (hottest  blade)  temperature 
measurement  is  more  difficult.  The  latter  is  nevertheless  a  natural  refinement  of  turbine  pyrometry  and 
would  enable  further  gains  in  engine  performance  as  well  as  providing  valuable  diagnostic  information. 

This  has  resulted  in  requests  for  smaller  target  spot  sizes  and  increased  system  bandwidth.  Fig. 3  Is  an 
example  of  the  fidelity  that  can  be  achieved  with  a  correctly  specified  pyrometer  system.  Alumina-coated 
blades,  and  a  single  overheated  blade,  are  clearly  distingulahable.  The  following  comments  are  Intended  to 
highlight  the  more  important  effects  that  must  be  considered  when  individual  blade  resolution  is  Important. 

Direct  measurement  of  true  peak  temperature  is  prevented  by  finite  electronic  bandwidth  and  finite  viewed 
area  on  the  blade.  However,  peak  reading  error  can  be  expressed  in  terms  of  the  dimensionless  parameters 
f8/fb  and  w/d  (Ref. 2)  and  appropriate  corrections  applied  to  Indicated  values.  For  high  resolution  pyro- 
oetry,  matching  of  spatial  resolution  and  electronic  bandwidth  may  be  expressed  as  (ibid) 

f  /f.  -  w/d 

S  0 

or  d  *  s/f^ 

It  may  be  shown  that,  for  a  photodiode/transimpedance  amplifier  combination 

f  -  (G/2*C  .R)*5 
s  a 

Thu.  d  •  .(Z.CjR/G)14 


(5) 

(6) 

(7) 

(8) 


The  photocurrent  produced  by  the  detector  can  be  approximated  to 

I  -  k(dD/L)2exp(-B/T) 


and  it  follows  that 

V(T>  -  RA(dD/L) 2 
txp(B/T) 


Eliminating  R  between  Eq.(8)  and  Eq.(lO)  give. 


System  noise  may  be  defined 


d 


H  f2rCdV(T)exp(B/T) 
GA 


(9) 

(10) 


(11) 


N  -  V  /(dV/dT) 


(12) 


which,  fro*  Eq.  (10)  My  be  written 


N  -  V  T2/BV(T) 
n 


(13) 


Comparison  with  Eq,(ll)  reveals  that 


N 


1/d* 


(14) 


Thus,  for  Mtched  conditions,  halving  the  spot  size  increases  noise  by  a  factor  16. 


Eq . (10)  in  Eq. (13)  gives 


Therefore,  for  a  given  application. 


N 


ARB(dD/LV 


T2exp(B/T) 


N  -  T2exp(B/T) 


(15) 


(16) 


Pig. 4  illustrates  the  rapid  Increase  in  noise  with  decreasing  target  temperature  for  a  typical  pyrometer. 

It  is  evident  from  the  foregoing  that  choice  of  target  spot  size  and  minima  measuring  temperature  is  of 
great  importance.  Overspecxf icatlon  of  either  parameter  will  severely  compromise  system  performance. 

The  effects  of  defocus  upon  spatial  fidelity  are  small  and  can  usually  be  Ignored.  For  moderate  departures 
from  focus,  spatial  sensitivity  becomes  weighted  towards  the  view  axis,  which  tends  to  offset  loss  of 
fidelity  associated  with  larger  viewed  area  on  the  target  surface.  See  Fig. 5  for  a  typical  example,  and  the 
Appendix  for  a  simplified  treatment  of  defocua. 

Peak  temperature  measurement  is  highly  susceptible  to  errors  due  to  hot  particle  interference,  necessitating 
the  application  of  statistical  sampling  (Ref. 3)  or  dual  spectral  (Ref .4)  techniques.  The  advent  of  digital 
engine  control  units  can  be  expected  to  make  practical  the  use  of  such  techniques  in  flight. 

In  applications  where  the  pyrometer  scan  is  from  the  leading  edge  towards  the  trailing  edge,  peak  temperature 
usually  occurs  at  the  leading  edge.  For  average  rotor  temperature  measurement,  an  effective  emissivity  of 
unity  can  be  assumed  with  an  error  unlikely  to  exceed  5X.  However,  the  emissivity  at  the  leading  edge  will, 
in  general,  not  be  unity  and  its  value  must  be  known  if  true  peak  temperature  is  required.  For  engine 
development  this  is  of  great  importance,  but  for  flight  control  an  observed  temperature  difference, 
peak-average,  is  usually  accepted  as  adequate.  While  the  difference  will  not  be  correct  in  an  absolute 
sense,  an  increase  from  normal  values  is  a  clear  indication  of  blade  overheating  and  once  it  has  exceeded 
acceptable  levels  an  appropriate  allowance  can  be  made  in  the  control  signal,  or  control  can  be  switched 
from  average  reading  to  peak  reading. 

RADIATION  INTERFERENCE 


A  single  waveband  pyrometer  measures  the  spectrally-integrated  radiation  field  at  its  collection  lens.  In 
the  absence  of  polarization  effects,  the  instrument  cannot  distinguish  between  emitted  and  reflected  radi¬ 
ation.  Consequently,  the  intense  radiation  associated  with  hydrocarbon  combustion  can  cause  serious  positive 
errors  In  indicated  blade  temperature,  especially  when  straight-through  burner  geometry  is  employed. 

Accurate  calculation  of  the  errors  is  made  difficult  by  the  complex  internal  geometry  of  a  turbine  engine 
and  by  fluctuations  in  flame  size,  position,  temperature  and  emissivity.  Measurements  based  upon  dual 
spectral  pyrometry  reported  by  Atkinson  and  Cuenard  (Ref .4)  indicated  maximum  errors  of  50-100  K  with  first 
stage  blade  pressure  surface  viewing.  Other  view  positions  were  not  reported.  Their  results  agree  with 
those  reported  by  Douglas  (Ref. 3),  who  compared  single  waveband  measurements  with  a  discrete  burner  switched 
on  and  off,  again  viewing  first  stage  pressure  surface. 

Flame  radiation  reflected  from  first  stage  suction  surface  will  be  diluted  in  intensity  by  the  view  iactor 
between  this  surface  and  the  adjacent  pressure  surface  of  the  neighboring  blade,  and  by  the  reflectivity  of 
the  suction  surface.  A  simple  model  in  which  the  blades  are  represented  by  parallel  plane  surfaces  yields 
view  factors  typically  in  the  range  0,21  to  0.07  corresponding  to  a  midspan  view  position,  and  trailing  edge 
view  position  (the  latter  is  an  over-estimate  due  to  blade  curvature).  If  blade  reflectivity  is  assumed  to 
be  perfectly  diffuse,  with  typical  value  0.15,  the  product  of  view  factor  and  reflectivity  becomes 
3. 2xl0-2-l . Ixl0“2 ,  that  is,  a  worst  case  result  for  suction  surface  viewing  of  about  3X  of  the  effect  at  the 
pressure  surface.  Measurements  (Fig. 6)  carried  out  on  used  blades  and  vanes  from  a  high  performance  fighter 
engine  indicate  that  worst  case  radiation  Interference  at  first  stage  suction  surface  is  approximately  1/30 
that  at  first  stage  pressure  surface,  which  compares  well  with  the  calculated  estimate. 

While  these  results  should  be  regarded  as  only  approximate,  and  are  dependent  upon  specific  turbine  geometry, 
it  appears  reasonable  to  conclude  that  even  under  steady  engine  conditions  first  stage  pressure  surface  pyro¬ 
metry  is  not  a  practical  proposition  unless  flame  radiation  correction  methods  can  be  employed.  Conversely, 
first  stage  suction  surface  viewing  may  be  considered  free  of  serious  errors  under  steady  engine  running  and 
it  follows  that  second  stage  viewing  will  similarly  not  be  subject  to  significant  errors. 

Concern  about  aftwsrd  movement  of  the  flasw  front  during  rapid  throttle  maneuvers  has  spurred  development  of 
dual  spectral  techniques  for  flaoe  correction.  Such  difficulties  with  second  stage  viewing  have  not  been 
reported,  and  the  need  for  corrections  will  probably  be  restricted  to  first  stage  pyrometry.  The  principle 
of  the  dual  spectral  correction  method  is  as  follows. 

A  pyrometer  operating  at  wavelength  X  produces  a  signal 
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Radiation  leaving  the  surface  of  a  turbine  blade  comprises  emitted  radiation  due  to  the  blade  surface 
temperature  plus  radiation  originating  from  other  hot  components  and  reflecting  off  the  blade.  Reflectivity 
is  the  complement  of  eaissivity  and  the  observed  signal  is 

V  -  £bF(A.Ib)+(l-cb)2£1U1F(A*Tl>  U*> 

Thus  large  reflected  contributions  give  large  positive  errors  in  indicated  temperature. 

In  a  gas  turbine  there  are  five  major  sources  of  radiation 


(i) 

the  target  blade 

(li) 

the  neighboring  blade 

(ill) 

static  vanes 

(lv) 

combustor  wall 

(v) 

flame 

Sources  (ii)-(iv)  involve  temperatures  similar  to  the  target  blade,  giving  only  moderate  reproducible  positive 
errors  that  can  be  evaluated  and  allowances  made.  The  flame,  being  considerably  hotter  than  the  blade,  is  a 
source  of  intense  radiation,  and  fluctuates  in  position,  shape,  size  and  temperature.  By  employing  two 
thermometer  channels  operating  at  different  wavelengths  the  following  relations  are  obtained 


Vj  -  EbF,(Tb)+(l-eb)£fUF,(Tf) 

(19) 

V2  -  cbF2(Tb)+(l-Eb)EfUF2(T£) 

(20) 

The  view  factor  U  between  flame  and  blade  is  not  predictable  due  to  flame  fluctuations.  Eliminating  U  and 
rearranging  gives 


V1-QV2  -  €b[Fi(Tb)-QF2(Tb)) 

(21) 

where 

Q-  F1(tf)/P2(Tf) 

(22) 

By  assuming  values  for  cb  and  Q  (i.e. 
the  calibration 

flame  temperature)  this  relation  can  be  aolved  for  Tb 

by  generating 

F(Tb)  -  tblFi(Tb)-QF2(Tb)J  (23) 

and  using  Vi-QV2  as  the  signal. 

Alternatively,  the  relation  may  be  rearranged  as 

Vl-QV2-cb[F,(Tb)-QF2(Tb)]  -  0  (24) 

and  solved  by  iteration. 

A  third  method  is  to  use  look-up  tables  stored  in  the  engine  control  computer,  relating  the  difference 
between  Indicated  temperatures  Ti  and  T2  to  the  appropriate  correction. 

All  these  methods  rely  upon  the  flame  creating  different  errors  in  the  two  channels.  It  is  important  to  note 
that  if  the  flame  contribution  becomes  a  large  fraction  of  the  total  signal,  the  method  becomes  less 
effective.  For  example,  if  in  Eq.(l9)  and  Eq.(20)  the  contributions  are 

Vi  -  1  (blade)  +  1  (flame) 

V2  -  1  (blade)  +  1.3  (flame) 

and  if 

Q  ■  0.75  (a  typical  value) 

then  Vi-QV2  ■  0.273,  and  the  method  becomes  one  of  small  differences  between  large  signals. 

The  choice  of  viewing  position  is  critical.  Serious  loss  in  correction  accuracy  occurs  when  the  reflected 
energy  results  in  more  than  about  a  30  K  error,  which  may  restrict  first  stage  flight  pyrometry  to  blade 
suction  surface,  tbs  need  for  correction  techniques  will  depend  upon  flame  movement  during  flight  maneuvers 
and  this  is  yet  to  be  determined.  Finally,  it  is  to  be  noted  that  flame  radiation  effects  are  far  more 
severe  for  ratio  thermometry  (typically  six  times  worse)  than  for  single  waveband  thermometry.  The  ratio 
technique  is  therefore  restricted  to  second  or  lower  stage  viewing. 

OPTICS  CONTAMINATION 

A  turbine  pyrometer  is  designed  such  that  only  one  optical  surface,  the  outer  surface  of  the  collection  lens, 
is  axposod  to  the  turbine  environment.  This  surface  Mist  be  maintained  deposit-free,  or  correction  methods 
employed,  if  accurate  temperature  readings  are  to  be  maintained.  Typical  requirements  for  time  between 
overhaul  are  several  hundred  hours  (military  applications)  and  aevaral  thousand  hours  (civil).  Lena  contami¬ 
nation  la  of  crucial  importancs  since  it  constitutes  a  fail -dangerous  (low  reading)  error  mode.  Three 
candidate  approaches  are  being  evaluated;  air  purging,  ratio  correction  and  hot  lens. 
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The  air  purge  approach  utilizes  the  Coanda  layer  attachment  effect  whereby  compressor  air  is  directed  over 
the  lens  surface  to  prevent  particulate  matter  in  the  turbine  main  flow  from  coming  into  contact  with  the 
lens.  An  important  feature  of  the  purge  is  its  scrubbing  action  for  removal  of  ignition  phase  deposits 
which  may  form  during  engine  start-up.  The  purge  flow  is  directed  via  a  sight  tube  through  a  continuous 
annular  slit  coincident  with  the  edge  of  the  lens  surface  as  shown  in  Pig. 7.  Consequently  a  layer  of  high 
velocity  gas  is  formed  across  the  lens  domed  surface,  separating  near  the  center  of  the  lens.  This  geometry 
may  be  considered  as  constituting  a  3-dimensional  curved  wall  jet.  Provided  the  potential  core  extends  to 
the  centar  of  the  lens,  surrounding  gases  in  the  sight  tube  cannot  make  contact  with  the  lens.  Further,  in 
the  potential  core,  the  finite  entrainment  capacity  of  the  jet  does  not  result  in  mixing  with  the  ambient 
gas. 

Results  to  date  have  been  very  encouraging  on  engine  test  beds  but  no  more  than  adequate  on  flight  appli¬ 
cations.  A  purge  improvement  program  utilizing  computer  modelling  of  particle  trajectories  is  planned  and 
includes  a  study  of  the  effects  of  contaminants  in  the  purge  flow  itself. 

The  ratio  correction  method  (Ref. 5)  utilizes  two  different  wavebands  and  relies  upon  lens  contamination 
being  spectrally  gray  and  therefore  attenuating  both  spectral  signals  equally.  A  ratio  of  the  signals  is 
then  unaffected  by  contamination,  and  may  be  used  as  a  reference  against  which  the  individual  spectral 
signals  can  be  compared.  If  blade  temperature  measurement  is  carried  out  by  one  of  the  spectral  channels, 
with  a  correction  applied  according  to  the  result  of  the  reference  comparison,  the  high  speed  and  sensitivity 
of  single  waveband  temperature  measurement  can  be  exploited.  The  reference  comparison  may  be  carried  out  at 
a  fixed  indicated  ratio  temperature,  preferably  high  in  the  measuring  range  where  signal  strengths  permit 
better  accuracy  in  the  ratio  signal.  Fig. 8  Illustrates  the  technique. 

Peak  to  peak  modulation  is  relatively  unaffected  except  under  very  extreme  lens  contamination,  thus  the 
method  preserves  individual  blade  information.  It  should  be  noted  that  the  ratio  reference  method  is  not 
suitable  when  flame  radiation  is  present  in  the  pyrometer  signal,  consequently  it  is  likely  to  be  restricted 
to  second  stage  measurements.  Ratio  pyrometry  has  been  successfully  demonstrated  on  industrial  power 
generation  turbines  (Ref. 6). 

By  operating  the  pyrometer  lens  at  a  sufficiently  high  temperature  it  is  possible  to  burn  off  carbonaceous 
deposits.  This  self-cleaning  action  is  an  attractive  proposition  but  places  severe  thermal  demands  upon 
pyrometer  design.  Carbon  oxidation  rate  la  insufficient  at  750  K  (that  is,  the  arrival  rate  exceeds  the 
oxidation  rate),  but  laboratory  tests  at  1000  K  have  shown  rapid  and  complete  cleaning  of  engine-contaminated 
Lenses.  An  existing  study  program  is  expected  to  result  in  a  successful  design  but  this  is  yet  to  be  proved. 
In  addition,  long  term  build  up  of  contaminants  not  removed  b>  oxidation  will  need  to  be  assessed. 

MEASURING  RANGE 

If  it  were  possible  to  extend  reliable  temperature  measurement  down  to  perhaps  400  K,  important  gains  such 
as  hot  start  detection  and  removal  of  thermocouple  sensors  could  be  realized.  However,  silicon  photodiodes 
have  spectral  response  (%1  pm)  far  removed  from  the  radiation  emission  peak  for  such  low  target  temperatures 
(%8  u»)  and  give  insufficient  signal  below  about  900  K. 

A  complete  review  of  alternative  detectors  is  beyond  the  scope  of  this  paper,  but  mention  of  several 
important  limitations  will  be  made. 

The  military  electronics  component  operating  range  of  218  to  398  K  restricts  the  choice  of  detector,  and  is 
a  major  factor  in  the  selection  of  the  silicon  photodiode.  Vibration  levels  (typically  DC-20  kHz,  20  g) 
demand  rugged  detector  construction.  Conventional  glass  fiber  optics  with  good  transmission  up  to  1.2  urn 
have  proved  to  be  extremely  reliable  under  the  vibration  levels  and  580  K  operating  temperature  typically 
encountered  in  flight.  There  are  reasonable  prospects  for  suitable  silica  fiber  light  guides,  extending 
transmission  to  2  pm,  and  with  about  twice  the  transmissivity  of  glass  at  1  pm.  However,  beyond  2  pm,  it 
appears  unlikely  that  in  the  near  future  suitable  light  guides  will  become  available.  Above  1  pm,  H20,  CO 
and  C02  absorption  bands  must  be  taken  into  account.  By  way  of  example.  Fig. 9  shows  H20  absorption  for  the 
second  stage  power  turbine  of  an  advanced  technology  fighter  engine,  calculated  from  the  data  of  Ref. 7. 

In  summary ,  it  appears  that  the  silicon  photodiode  will  remain  the  optimum  choice  for  the  foreseeable 
future,  but  possibly  with  silica  displacing  glass  as  a  light  guide  material.  Using  the  best  available 
silicon  photodiodes  (0.6  amps/vatt  response  at  0.95  pm)  a  reasonable  expectation  would  be  an  extension  of 
measurement  down  to  about  800  K,  at  least  for  rate  of  temperature  change  measurement . 

CONCLUSION 

Pyrometer  interchangeability  requirements  can  be  met  by  reference  to  the  fundamental  properties  of  silicon 
photodetectors,  and  the  use  of  algorithms,  This  approach  is  applicable  to  filtered  or  unfiltered  detectors. 
The  need  to  match  spatial  and  electronic  resolution  should  be  recognized.  Selection  of  target  spot  size  is 
extremely  important  In  relation  to  signal  noise.  If  peak  blade  temperature  is  required  only  in  the  higher 
portion  of  the  measuring  range,  signal  fidelity  will  be  limited  by  achievable  amplification  bandwidth. 

Dual  spectral  pyrometry  is  effective  for  removal  of  flame  radiation  effects  at  first  stage  blade  pressure 
surfaces  on  engine  development  test  beds,  provided  corrections  do  not  exceed  about  50  K.  If  the  technique 
cannot  be  successfully  deployed  in  flight  on  the  next  generation  of  fighter  engines,  pyrometry  will  very 
probably  be  restricted  to  flret  stage  suction  surface  or  second  stage  viewing. 

Ratio  pyrometry  is  restricted  to  second  stage  viewing  but  offers  the  prospect  of  lens  contamination  tolerant 
operation,  and  may  gain  favor  for  this  reason. 

The  silicon  photodiode  is  unlikely  to  be  displaced  as  the  optimum  detector  In  the  near  future.  Continuing 
Improvements  in  radiation  energy  collection  efficiency  and  photosignal  amplification  offer  prospects  of  a 
moderate  extension  of  the  lower  temperature  measuring  limit  down  to  about  800  K. 
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Fig. I  Spectral  Distribution  of  Silicon  Detector  Photocurrent 
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APPENDIX 

THE  EFFECT  OF  DEFOCUS  ON  PYROMETER  SPATIAL  SENSITIVITY 
Nomenclature 

Ax  lens  stop  area 

A2  focused  target  spot  area 

J  radiative  flux 

ri  lens  stop  radius 

r 2  focused  target  spot  radius 

S(r)  spatial  sensitivity 


The  following  analytical  model  enables  changes  in  spatial  sensitivity  to  be  determined  for  view  distances 
less  chan  the  focus  distance.  The  target  surface  is  assumed  to  be  a  uniformly  bright  Lambertian  radiator. 
Cosine  effects,  lens  aberrations  and  wide  angle  response  are  ignored. 

Target  at  Focus  Distance 

The  flux  collected  by  any  elemental  area  of  the  lens  from  any  elemental  area  of  the  target  is  JdAjdA2/L2. 

The  total  flux  collected  from  any  dA2  is  therefore  JdA2Ai/L2,  giving  a  top-hat  spatial  sensitivity  profile. 
See  Fig. A I  and  A2. 

Target  at  Less  Than  Focus  Distance 

The  limits  over  which  the  lens  collects  flux  from  any  point  can  be  visualized  by  noting  that  only  rays 
passing  through  the  point,  the  lens  stop  and  the  focused  target  area  will  be  collected.  Refer  to  Fig. A3. 

From  postion  Pj  flux  is  collected  over  the  entire  lens.  From  Pj  no  flux  is  collected.  At  P2  the  portion  of 
the  lens  stop  collecting  flux  is  defined  by  the  area  of  intersection  of  two  circles;  the  lens  stop,  and  a 
circle  (radius  r)  formed  by  the  locus  in  the  lens  stop  plane  of  a  line  pivoted  at  P2  and  moved  around  the 
circumference  of  the  focused  target  spot.  See  Fig.A4. 

Spatial  sensitivity  is  proportional  to  A/£2,  thus  A  requires  defining  as  a  function  of  £  and  z,  (Fig. A3). 
From  Fig.  A3  it  can  be  seen  that 


r  *  r2£/(L-i) 

and  from  Fig. A3  A  -  ri-z+£(r2-z) / (L-£) 

Note  that  z  occurs  when  A  »  0, 
max 

that  is,  zmax  "  [ir2+ri (L-£) }/L 

Case  I,  r  »  ri 

If  the  intersecting  circles  are  represented  as  in  Fig.A6,  then  intersection  occurs  when  x«x^,  that  is  when 

( I 2-x^2 ]  )**-  (|  r  i2+B2  J  )**  -  0 
where  0  "  r-A+r^-x^ 

which  is  solved  by  iteration. 

The  area  of  intersection  is  then  given  by 

A  “ 


1  *  1 

J  (r2-x2)**dx+  J (ri2-x2)>sdx 


Note  that  when  A  »  2ri  the  complete  lens  stop  is  Illuminated.  Note  also  that  the  above  expression  is  valid 
only  when  A  does  not  Include  more  than  half  the  lens  stop  area,  i.e.  the  limiting  condition  is  given  by 
Fig.A7,  and  by 

r+n-A  >  (r2-rj 2)*5. 

When  r+n~A  <  (r^n2)*5 

we  have  the  condition  9hown  in  Flg.A8  and  the  area  of  intersection  is  given  by 


•J  (r2-x2)'5dx+!tirr S+J  (iV-x'^dx 


4 
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DISCUSSION 


EjLPinstey,  US 

Have  you  observed  variations  in  temperature  readings  over  long  periods  of  time  due  to  accumulation  of  deposits 
causing  emissivity  variations? 

Author's  Reply 

During  engine  bum-in,  an  oxide  layer  forms  on  the  turbine  blades,  increasing  in  thickness  with  time.  This  increases  the 
blade  emissivity  to  an  asymptotic  value,  for  which  the  oxide  layer  is  sufficiently  thick  to  be  opaque  to  the  pyrometer. 
Since  the  pyrometer  operates  at  1  pm,  a  very  thin  oxide  layer  is  sufficient  to  be  opaque,  and  forms  very  quickly  at  the 
turbine  operating  temperature.  Deposits  from  external  sources  (sodium  for  example)  have  been  reported,  but  this  type 
of  problem  with  regard  to  pyrometry  appears  to  be  restricted  to  marine  and  industrial  applications.  No  difficulties  with 
aero  engines  have  been  reported  so  far,  but  recognition  of  possible  difficulties  is  important.  Work  on  industrial  turbines 
suggests  that  there  are  good  and  bad  blade  viewing  positions  with  regard  to  deposits  —  this  Us  mentioned  in  ref.  6. 


J. Olivers,  UK 

With  the  increase  in  popularity  of  the  use  of  thermal  barrier  coating  on  the  surfaces  of  first  stage  turbine  blades,  what 
effect  is  this  likely  to  have  on  future  applications? 

Author’s  Reply 

Conventional  thermal  barrier  coatings  are  polycrystalline  and  are  dielectrics  and  therefore  exhibit  emissivity  as  a 
volumetric  effect,  as  opposed  to  metals  for  which  it  is  a  surface  effect.  Coating  emissivity  therefore  depends  not  upon 
surface  finish,  but  upon  grain  boundary,  impurity  and  bulk  absorption  effects.  There  are  three  cases:— 

(a)  Coating  completely  transparent  at  1  pm  wavelength  —  this  has  no  effect  upon  pyrometer  readings. 

(b)  Coating  sufficiently  thick  to  be  considered  opaque  —  the  pyrometer  will  collect  radiation  from  within  a  volume  of 
the  coating  and  transpose  this  into  a  bulk  averaged  temperature. 

(c)  Coating  partially  transparent  —  the  pyrometer  temperature  reading  will  be  intermediate  between  the  coating 
surface  temperature  and  the  temperature  of  the  coating/blade  interface. 

In  terms  of  reproductibility,  pyrometry  is  not  likely  to  be  degraded  in  quality  as  a  control  technique  by  the  application 
of  thermal  barrier  coatings. 


D.Davidson,  UK 

Do  you  have  any  evidence  from  engine  companies  that  they  are  using  the  ‘hot  blade'  detection  capability  of  pyrometers 
to  remove  substandard  blades  from  the  engine  on  production  pass-off? 

Author’s  Reply 

Only  for  industrial  gas  turbine  production.  I  believe  that  Ruston  Gas  Turbines,  UK,  are  using  pyrometry  for  this 
purpose.  Reference  to  validation  of  pyrometry  for  detecting  partially  blocked  or  undersize  cooling  channels  can  be 
found  in:  ‘Radiation  Thermometry  Applied  to  the  Development  and  Control  of  Gas  Turbine  Engines';  T.G.R.Beynon, 
in  Temperature,  Its  Measurement  and  Control  in  Science  and  Industry,  5,  Part  1 ,  pp  47 1  —477,  Amer.  Inst.  Physics, 
1982. 


D.Davidson,  UK 

What  measures  do  you  take  to  minimise  the  effects  of  hot  particle  radiation  from  the  signals? 

Author’s  Reply 

I  know  of  two  techniques:— 

(a)  Application  of  slew  rate  limiting  (SRL)  to  the  pyrometer  output  signal.  This  is  effective  for  average  rotor  output 
signal.  This  is  effective  for  average  rotor  blade  temperature,  but  individual  blade  information  is  lost.  We  have 
provided  systems  to  several  aero  engine  manufacturers  with  SRL  incorporated  into  the  pyrometer  detector/ 
amplifier  module. 

(b)  Multiple  sampling  followed  by  statistical  processing.  This  more  sophisticated  method,  enables  blade  profiles  to  be 
recovered  in  the  presence  of  hot  carbon  panicle  interference,  but  requires  accurate  ( 1 )  timing  of  the  sampling 
relative  to  the  rotational  speed  of  the  rotor.  An  example  of  this  approach  is  given  in  ref.3.  The  sampling  and 
processing  can  be  readily  carried  out  by  digital  engine  control  units  —  there  appears  to  be  no  advantage  in 
incorporating  it  into  a  pyrometer. 


H.May,  GE 

In  what  range  lie  the  values  of  the  average  emissivity  of  the  blade? 

Author’s  Reply 

New  unused  blades  of  high  nickel  alloy  have  emissivity  at  1  pm  wavelength  of  typically  0.7.  During  initial  engine 


running,  an  oxide  layer  forms  on  the  blades,  rapidly  reaching  sufficient  thickness  to  be  opaque  at  1  pin  wavelength.  The 
emissivity  is  then  approximately  0.8S 

Thermal  radiation  collected  by  a  pyrometer  consists  of  two  components:— 

(a)  Radiation  emitted  by  the  target  blade  phis  radiation  originating  from  other  sources  and  reflecting  off  the  target 
blade. 

(b)  The  neighbouring  blade  is  a  significant  source  of  reflected  radiation,  and  results  in  an  effective  emissivity  for  the 
target  blade  of  about  0.85  at  the  leading  edge,  increasing  to  about  1 .15  as  the  pyrometer  scans  towards  the  trailing 
edge.  For  average  rotor  temperature,  a  value  of  unity  can  be  assumed,  with  an  error  unlikely  to  exceed  5%. 
However,  for  thermal  mappipg,  allowance  must  be  made  for  the  variation  of  effective  emissivity  along  the 
pyrometer  scan.  For  a  detailed  discussion  of  this,  see  ref.3. 
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NOMENCLATURE 


An  infrared  pyrometer  system  has  been  developed  for  the 
noncontacting  measurement  of  metal  temperatures  on  turbine 
rotor  blades.  The  system  with  a  high  bandwidth  ratio,  a 
small  target  size  and  a  high  signal-to-nolse  ratio  meets 
the  requirements  for  the  accuracy  of  temperature  measure¬ 
ments  to  be  performed  on  small  gas  turbines  running  at  high 
speeds.  The  system  set-up  is  described  and  special  features 
of  the  probe  head  design,  the  lay-out  of  the  detector/ 
amplifier  unit  and  the  signal  processing  are  discussed  in 
detail.  Results  of  the  automated  calibration  of  an  infra¬ 
red  pyrometer  system  concerning  the  influence  of  variations 
in  the  target-to-lens  distance.  In  the  lens  stop  diameter 
and  In  the  observation  angle  on  the  detector  signal  output  ^  1 
will  be  reported  herein.  Finally  some  results  of  temperature 
measurements  obtained  for  the  cooled  rotor  blades  of  a  small 
research  turbine  are  presented. 

4 


sighting  distance 

nominal  target-to-lens  distance 

focal  distance 

Kelvin 

leading  edge 

resistance 

time 

temperature 

trailing  edge 

detector  output  voltage 


x  target  diameter 

cl  observation  angle 

X  wave  length 

$  Tocusslng  lens  diameter 

Subscripts 

K  calibration 

L  lens  aperture 

0°  at  zero  observation  angle 
l,J,k  numbering  of  variables 


1.  INTRODUCTION 

The  determination  of  the  thermal  loading  of  gas  turbine  blades  implies  the  accurate  know¬ 
ledge  of  the  actual  temperatures  in  the  vane  and  blade  material.  During  research  and  de¬ 
velopment  work  thermocouples  are  often  used  on  turbine  or  engine  test  rigs  to  get  the 
necessary  information.  But  there  are  some  shortcomings,  If  thermocouples  are  applied 
especially  to  rotor  blades: 

-  limited  number  of  measuring  positions  within  the  blade, 

-  reduced  mechanical  strength  of  the  blades  due  to  the  inserted  thermocouples  wires, 

-  Inaccessibility  of  the  critical  location?  like  the  trailing  edge  region, 

-  insufficient  time  response  and 

-  difficulties  concerning  the  signal  transmission  from  the  rotating  system. 

The  concept  of  the  noncontacting  opto-electronical  temperature  measuring  system  based  on 
the  infrared  pyrometry  avoids  a  lot  of  these  disadvantages. 

A  strong  effort  has  been  made  in  the  development  of  infrared  pyrometers  for  Jet  engine 
applications  starting  in  the  late  sixties  fl],  [2],  [3].  Since  then  they  have  become  a 
reliable  tool  for  the  inflight  blade  temperature  monitoring  ['J]  and  even  for  diagnostic 
purposes  during  the  experimental  evaluation  of  blade  cooling  designs  [5],f6J.  Though 
the  principle  of  measuring  the  emitted  radiation  of  a  hot  spot  by  means  of  a  photovoltaic 
detector  seams  to  be  rather  simple,  there  are  many  problem  areas  associated  with  the 
application  of  an  infrared  pyrometer  system  to  the  temperature  measurements  of  rotating 
turbine  blades.  The  system  design  must  satisfy  the  needs  for  a  fast  time  response  at  high 
blade  passing  frequencies  and  sufficient  spatial  resolution  of  the  observed  target  spot 
in  relationship  to  the  viewed  blade  width  in  order  to  make  it  to  an  accurate  instrument 
in  the  turbine  research.  A  high  bandwidth  ratio  which  is  defined  as  the  ratio  of  the 
amplifier  bandwidth  to  the  blade  passing  frequency  must  be  accomplished  to  record  the 
actual  signal  rise  [7].  Due  to  the  physical  limitations  of  silicon  type  detectors  which 
are  commonly  used  for  turbine  blade  pyrometer  systems  there  are  some  difficulties  to 
fulfil  these  requirements  especially  in  the  case  where  rotor  blade  temperatures  have  to 
be  measured  in  small  turbines  at  a  low  temperature  range. 

The  present  paper  reports  on  an  infrared  pyrometer  system  which  has  been  developed  for 
the  purpose  of  scanning  rotor  blade  temperatures  in  small  research  turbine  stages 
running  at  high  speeds.  Special  emphasis  has  been  laid  upon  the  following  aspects 

-  miniaturisation  of  the  probe  head, 


-  high  bandwidth  ratio  0 

-  good  aignal-to-noiae  performance  at  target  temperaturea  below  600  C  for  a  ailicon 
type  detector/amplifier  unit  and 

-  automated  calibration  of  the  lenae/detector  system. 

Some  detaila  of  the  work  carried  out  to  fulfil  theae  requirements  are  preaented  and 
diacuaaed.  A  lot  of  experience  haa  been  gained  with  thia  infrared  ayatem  during  the  laat 
years  applying  it  to  temperature  measurements  on  a  cooled  rotor  blade  of  a  model  turbine. 
Some  of  theae  results  are  reported  herein. 

2.  DESCRIPTION  OP  EQUIPMENT 

2.1  SYSTEM 

The  infrared  pyrometer  ayatem  consists  of 

-  the  optical  probe  head, 

-  the  detector/amplifier  unit  and 

-  the  signal  processor. 

Pig.  1  shows  the  block  diagram  of  the  ayatem  set-up.  The  thermal  radiance  of  the  target 
spot,  which  haa  typical  diameters  ranging  from  1.0  to  1.5  mm,  Is  received  by  a  focussing 
lena  in  the  probe  head.  In  most  of  the  applications  the  housing  with  the  detector/ampll- 
fler  unit  ia  placed  far  from  the  teat  engine  environment.  The  signal  between  the  probe 
and  the  detector  la  then  transmitted  by  a  fibre  optic  light  guide.  A  correction  ampli¬ 
fier  and  a  magnetic  shutter  controlled  diaphragm  are  used  for  the  aero  adjustment  of  the 
signal.  Further  system  components  are  the  target  positioner  with  a  light  source,  the  tem¬ 
perature  control  unit  for  the  detector  cooling  and  the  blade  selector  unit,  which  allows 
the  scanning  of  the  individual  rotor  blades  of  the  test  turbine.  The  signal  processing 
is  performed  by  means  of  a  transients  recorder  linked  to  a  computer. 

2.2  PROBE  DESIGN 

The  design  of  an  infrared  pyrometer  probe  for  gas  turbine  applications  includes  the 
following  items : 

-  design  of  the  optical  lens  system  and  the  deviation  mirror  if  needed, 

-  cooling  of  the  probe  and  its  support  and 

-  air  purging  to  avoid  fouling  of  the  observation  window. 

These  problems  must  be  solved  individually  for  each  test  case  accounting  for  the  possi¬ 
bilities  of  accessibility  in  the  turbine  stage.  In  Fig.  2  two  different  designs  of  probe 
heads  are  shown.  The  first  type,  which  has  been  used  in  engine  tests,  has  a  water-cooled 
probe  shaft  with  an  outer  diameter  of  9  mm.  The  second  probe  with  a  head  diameter  of 
7  ran  has  been  designed  for  small  turbine  applications.  This  probe  is  additionally 
equipped  with  an  air  purge  for  the  observation  window.  These  probes  can  be  positioned 
by  means  of  steppermotor  controlled  supports. 

2.3  DETECTOR/ AMPLIFIER  UNIT 

If  it  is  supposed  that  the  analog  to  digital  signal  conversion  does  not  account  for  in¬ 
validations,  the  system  accuracy  is  determined  by  the  performance  of  the  analog  component 
i.e.  the  detector/amplifier  unit.  A  maximum  signal-to-noise  ratio  at  the  photo  current 
conversion,  a  fast  time  response,  small  linear  and  nonlinear  distortions  and  a  sufficient 
slew  rate  reserve  in  order  to  exclude  transient  intermodulations  at  high  signal  dynamics 
are  the  objectives  of  the  detector  system  design. 

The  temperature  resolution,  the  measuring  accuracy  and  the  lower  limit  of  measurable  tem¬ 
peratures  depend  on  the  maximum  attainable  slgnal-to-nolse  ratio.  Therefore  a  lot  of 
effort  has  been  made  to  optimize  the  detector  system. 

Silicon  type  photodiodes  are  usually  applied  In  turbine  infrared  pyrometer  systems. 

Fig.  4  shows  black  body  radiant  emlttance  at  different  temperatures  and  the  spectral  sen- 
sivity  range  of  silicon  diodes.  The  silicon-PIN-photodiode,  which  Is  used  in  the  presen¬ 
ted  system,  has  the  following  advantages  over  the  PN-type  diodes: 

-  faster  time  response 

-  higher  quantum  efficiency, 

-  smaller  Junction  capacitance, 

-  smaller  back  conductance  and 

-  a  higher  possible  reverse  voltage  resulting  in  a  lower  capacitance  modulation. 

Typical  properties  of  a  silicon  PIN-photodiode  with  an  integrated  infrared  filter  can  be 
drawn  from  table  I. 

The  quality  of  the  slgnal-to-nolse  ratio  and  the  dynamic  sensor  performance  depend 
strongly  on  the  detector  operating  mode  and  the  detector  circuit.  Comparison  has  been 
made  between  conventional  photoamplifler  circuits  and  the  trans Impedance  amplification 
(see  Fig.  5).  It  can  be  stated  that  the  best  results  concerning  the  noise  and  distortion 
reduction  have  been  obtained  by  the  choice  of  a  trans impedance  photoamplifler.  Using 
this  PIN-type  diode  the  dominant  noise  is  produced  by  the  amplifier  elements,  whereas 


Table  I 


Properties  of  the  used  ailioon-PIN-photodiode 
BP  104,  Siemens,  with  bullt-ln  IR-fllter 


Semiconductor 

Type 

Quantum  efficiency 
Kesponsivity 
Peak-wavelength 
Cut-off-wavelength 
Dark  current 
Rise  time 

Detector  capacitance 
Detectivity 


silicon 

PIN-photodiode 
92  t 

0.71  A/V 
950  run 

83O  nm,  1080  run 
2  nA  (10  V,  25  C) 

10  ns  (10  V) 

10.8  pP  (10  V)  _ 

5.4  x  10* *  cm  fH?  /V 


the  dark  current  noise  Is  of  a  minor  Importance.  By  a  proper  selection  of  low  noise  ampli¬ 
fiers  a  high  signal-to-nolse  ratio  can  be  achieved.  Pig.  6  shows  the  detector/amplifier 
circuit  used  In  the  actual  pyrometer  system  design.  A  dark  current  compensation  has  been 
added  in  order  to  allow  the  operation  of  diodes  with  a  higher  dark  current  in  the  system 
or  without  cooling.  The  compensation  does  not  affect  the  signal-to-nolse  ratio.  This  was 
achieved  by  using  an  extreme  high  Impedance  input  stage  with  an  effective  bandwidth  re¬ 
duction  and  by  applying  a  low  noise  PET  current  source.  Then  the  signal  is  fed  to  a  line 
driver  buffer  amplifier  for  preserving  the  dynamic  accuracy  and  the  slgnal-to-nolse  ratio 
at  transmission. 


The  overall  system  performance  can  be  specified  by  the  following  iata  based  on  a  target 
diameter  of  1.5  mm: 

-  noise  equivalent  temperature:  525  C 

-  3  dB  bandwidth  :  300  kHz 

-  rise  time  :  1.15  ys  t 

-  system  detectivity  :  4.7  •  10  cm  fHzVw 


2.4  SIGNAL  PROCESSOR  AND  READOUT  UNIT 

The  subsequent  signal  evaluation  Is  performed  on-line  by  means  of  a  data  processor.  The 
schematic  set-up  of  the  signal  processor  is  shown  in  Fig.  6.  In  the  first  step  the  analog 
detector  signal  is  converted  into  512  digital  point a /curve  by  a  Nlcolet  transients  recorder. 

The  time  window,  which  is  derived  from  the  turbine  rotor  trigger,  can  be  preselected  by 
a  link  between  the  transients  recorder  and  the  data  processor.  Linearisation  and  the  con¬ 
version  of  the  detector  signal  output  voltages  Into  temperatures  based  on  the  calibration 
data  are  performed  by  the  computer.  A  smoothening  of  the  raw  detector  signals  can  be 
achieved  by  applying  a  sampling  method  and  by  using  low  pass  filtering.  High  sample  rates 
and  a  sufficient  quantization  are  needed  for  minimizing  aliasing  errors  and  quantization 
noise.  The  evaluated  temperature  data  can  be  displayed  on  a  terminal  screen  or  edited  by 
a  printer  or  a  plotter. 


3.  PYROMETER  CALIBRATION 

3 . 1  CALIBRATION  PARAMETERS 

One  of  the  major  problems  In  the  design  of  the  optical  system  of  Infrared  pyrometers  for 
turbine  blade  applications  Is  due  to  the  fact  that  the  sighting  distance  l.e.  the  target- 
to-lens  distance  varies  while  the  blade  passes  In  front  of  the  probe  head.  Variations  In 
the  sighting  distance  result  In  changes  of  the  target  spot  diameter  and  geometry  correspon¬ 
ding  to  the  blade  profile  shape  and  In  changes  of  the  observation  angle.  Since  these  geo¬ 
metrical  parameters  influence  the  received  radiant  energy  at  a  given  temperature  level 
and  In  consequence  the  detector  output  voltage,  it  is  necessary  to  carry  out  a  calibration 
of  the  Infrared  pyrometer  system. 

Pig.  7  shows  schematically  the  Interdependencies  between  the  detector  output  voltage  U 
and  the  calibration  parameters: 

-  calibration  temperature  level  T 

-  measuring  distance  a  and 

-  observation  angle  a. 

3.2  CALIBRATION  SYSTEM 

An  automated  calibration  procedure  was  developed  to  determine  the  relationship  between 
the  detector  output  and  the  geometrical  parameters  like  the  target-to-lens  distance,  the 
observation  angle  and  the  target  spot  diameter  at  varying  temperatures  for  a  given  probe 
construction.  The  calibration  method  Is  based  on  a  comparative  temperature  measurement 
of  an  electrically  heated  strip  target  equipped  with  2  thermocouples.  Since  the  strip 
target  Is  made  of  the  sane  material  as  the  turbine  blade  the  influence  of  the  temperature- 
dependent  emisslvlty  changes  can  be  eliminated. 

Pig.  8  shows  the  block  diagram  of  the  automated  calibration  system  with  its  main  functions. 
The  probe  with  the  optloal  system,  which  has  to  be  calibrated,  is  mounted  on  an  optical 
support  which  allows  a  stepper-motor-controlled  shifting  of  the  target-to-lens  distance 
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as  well  as  turning  the  target.  The  minimum  step  width  Is  0.005  ram  In  the  distance  varia*- 
tion  and  0.02  degrees  In  the  observation  angle  variation.  A  microprocessor  controls  the 
whole  calibration  procedure  and  the  acquisition  of  the  geometrical  data,  of  the  detector 
output  and  of  the  thermocouple  readings.  The  mult lparame ter  approximation  of  the  measured 
calibration  data  is  carried  out  on  a  central  computer.  A  set  of  polynomtnal  coefficients 
is  obtained  as  a  result  of  the  calibration,  which  allows  the  calculation  of  temperatures 
as  a  function  of  the  measured  detector  output  voltages  and  of  a  known  target  geometry. 

This  approximation  method  was  adopted  fro©  the  calibration  of  multi-hole-pressure 
probes  {8] . 

A  view  of  the  calibration  place  consisting  of  the  measurement  console  and  the  stepper 
motor  controlled  optical  support  unit  in  front  of  it  is  shown  in  Pig.  9. 

3.3  PROBE  CALIBRATION  RESULTS 

In  Pig.  10  the  deviation  of  the  measured  temperature  indication  is  plotted  as  a  function 
of  the  sighting  distance  related  to  the  nominal  target-to-lens  distance  at  the  calibra¬ 
tion  temperature  of  1210  K.  The  focussing  length  of  the  lens  amounts  to  30  mm  and  the 

inlet  slot  diaphragm  has  a  width  of  1  mm.  This  result  indicates  that  an  optical  probe  de¬ 

sign  which  is  relatively  insensitive  to  target-to-lens  distance  variations  can  be  realized. 

The  Influence  of  the  sighting  distance  on  the  geometry  change  of  the  viewed  target  spot  is 
shown  in  Pig.  11.  Though  the  target  diameter  Increases  with  the  greater  sighting  distance 
the  sensed  radiant  intensity  remains  nearly  constant  due  to  the  compensating  effect  of 
the  Increasing  solid  angle. 

The  calibration  system  turned  out  to  be  a  very  useful  tool  in  the  design  process  of  the 
pyrometer  lens  system  especially  with  regard  to  the  selection  of  the  optimum  lens  aper¬ 
ture.  Fig.  12  shows  an  example  of  the  influence  of  the  lens  aperture  diameter  on  the  de¬ 
tector  output  signal.  The  lens  diameter  was  in  that  case  0  -  17  mm.  The  best  signal  shape 

has  been  obtained  by  the  choice  of  an  aperture  diameter  of  0^  *  5  ran. 

A  typical  result  of  the  observation  angle  calibration  Is  shown  in  Pig.  13. 

In  Pig.  1$  the  detector  output  signal  is  plotted  versus  the  calibration  temperature  at 
3  different  amplification  ratios  for  an  infrared  pyrometer  system.  The  amplification 
ratio  is  chosen  according  to  the  blade  temperature  range  to  be  measured, 

4.  TURBINE  BLADE  TEMPERATURE  MEASUREMENTS 

A  lot  of  experience  with  the  infrared  pyrometer  system  has  been  gained  by  applying  it  to 
a  research  turbine.  The  rotor  blades  of  the  one-stage  axial  turbine  were  equipped  with 
80  imbedded  thermocouples.  Thus  an  excellent  comparison  could  be  made  between  the  thermo¬ 
couple  readings  and  the  infrared  pyrometer  measurements  on  the  blade  surface.  Fig.  15 
shows  a  view  of  the  turbine  rotor  from  the  rear  side.  Two  different  types  of  probes  were 
used  in  order  to  measure  blade  surface  temperatures  viewing  from  the  front  side  and  the 
rear  side  of  the  rotor. 

A  typical  plot  of  the  blade  surface  temperature  distribution  over  two  blade  spacings  taken 
by  the  rear  pyrometer  probe  is  shown  in  Fig.  1 6.  A  sawtooth  shape  is  obtained,  which  is 
typical  for  cooled  turbine  blades,  when  looking  from  the  rear  onto  the  profile  suction 
sides.  The  peak  values  belong  to  the  trailing  edges  of  two  neighbouring  blades.  By 
applying  the  above  mentioned  smoothening  techniques  the  signal  quality  can  be  improved 
as  can  be  seen  from  the  plotted  temperature  distribution  in  Pig.  17. 

Finally,  a  comparison  of  the  blade  temperature  distributions  obtained  by  the  thermocouple 
measurements  and  by  the  infrared  pyrometer  readings  has  been  made  [9j.  The  temperatures 
from  the  infrared  pyrometer  measurements  are  slightly  higher,  which  may  be  explained  by 
the  fact  that  the  thermocouples  are  imbedded  below  the  blade  surface.  Therefore  they  must 
Indicate  lower  temperatures,  if  the  temperature  gradient  in  the  material  of  the  cooled 
blade  is  taken  into  account.  Hence  the  agreement  between  the  results  of  the  two  different 
measurement  methods  can  be  regarded  as  excellent. 

5.  CONCLUSION 

Infrared  pyrometry  has  proven  its  ability  to  measure  blade  temperatures  on  high  speed 
turbines  with  a  high  degree  of  accuracy.  During  the  development  work  carried  out  in  the 
last  years  good  progress  has  been  attained  concerning  the  dynamic  performance  of  the 
detector/amplifier  system  characterised  by  high  bandwidth  ratios  and  high  signal-to-noise 
ratios  In  the  low  temperature  range.  Improvements  have  been  also  achieved  in  the  lens 
design,  in  automated  calibration  methods  and  last  but  not  least  in  the  signal  processing. 
There  are  still  problems  left  associated  with  radiation  from  combustor  liners  or  from 
glowing  partloles  In  the  gas  path.  In  some  cases  these  effects  may  contribute  to  conside¬ 
rable  errors  in  the  Infrared  pyrometer  readings .  Purther  research  work  is  therefore  de¬ 
dicated  to  these  problem  areas  in  order  to  establish  suitable  methods  allowing  for 
corrections  of  these  influences. 
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^ig.  1:  Block  diagram  of  the  infrared  pyrometer  system 


Fig.  2:  Examples  of  probe  head  designs  used  for  turbine  blade 
measurements 


WAVE  LENGTH  A  [ nm  ] 


lg.  3:  Spectral  radiant  emittance  from  a  blackbody  sour-' 
at  dlffarent  temperatures  and  spectral  resr-nn«e  e 
silicon  diodes 


CONVENTIONAL  PHOTOAMPLIFIER 
'SIMPLE  RESISTOR  LOAD  CIRCUIT  I 


TRANSIMPEDANCE  PHOTOAMPLIFIER 
fCURRENT  CONVERTER  CIRCUIT) 


Pig.  U:  Photoampllf ler  circuits 


LOW  NOISE 
TRANSIMPEOANCE 


DARK  CURRENT  COMPENSATION 
WITH  HIGHLY  DECREASED 
BANDWIDTH  AND  LOW  NOISE 
PET- CURRENT  SOURCE 


Fig.  c:  Block  wiring  diagram  of  the  detector/ampl 1 f ler  unit 


Fig.  8:  Build-up  of  the  automated  calibration  system 
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Pig.  9:  View  of  the  calibration  system 


0,6  0,9  1.0  V  1.2 

MEASURING  DISTANCE  a/a0 


Pig.  10:  Influence  of  sighting  distance  variations  on 
temperature  Indication 


DETECTOR  OUTPUT  SIGNAL 


Pig.  11:  Influence  of  sighting  distance  variations  on  the 
detector  output  signal 


DETECTOR  OUTPUT  SIGNAL 


pig.  12:  Influence  of  the  lens  aperture  on  the  detector 
output  signal 


Fig.  lH:  Typical  calibration  curves  for  an  Infrared  pyrometer 
system  at  different  amplification  ratios 


18-13 


Fig,  15:  View  of  the  turbine  rotor  from  the  rear  side 


BLADE  TEMPERATURE 


Pig.  16:  Raw  temperature  signals  from  a  cooled  turbine  blade 
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DISCUSSION 


P.Kirby,  UK 

Did  you  measure  effective  emissivity  which  arises  from  the  influence  of  adjacent  blades? 

Author’s  Reply 

I  try  to  evaluate  it  by  my  numerical  methods  not  by  experimental  methods. 


P.KJrby,  UK 

How  isothermal  was  the  test  strip  used  to  check  the  sensitivity  of  the  pyrometer  to  the  focusing? 

Author’s  Reply 

Uniformity  of  temperature  —  it  has  a  special  shape  first.  We  put  on  it  several  thermocouples,  then  looked  at  the 
uniformity  of  the  temperature  distribution. 


GAhving,  US 

You  made  corrections  for  temperature  on  neighbouring  blades  by  modifying  the  emissivity  on  these  surfaces,  (re; 
question  ( 1 )  by  P.Kirby),  is  that  correct? 

Author’s  Reply 

That  case  is  a  residue  which  has  been  gained  three  years  ago.  At  that  time  we  did  no  corrections  but  now  we  have  a  2* 
dimensional  model  in  order  to  correct  for  the  reflection  of  the  neighbouring  blades  for  a  given  geometry. 


P.Kirby,  UK 

Did  you  account  for  possible  effects  of  surface  finish  upon  the  value  of  emissivity? 

Author’s  Reply 

This  is  a  test  turbine  which  has  a  good  surface  quality,  the  same  as  the  heated  strip.  Later  on,  we  did  some 
measurements  using,  for  example,  two  colour  pyrometry,  and  so  on. 


D.Davidson,  UK 

How  much  air  cooling  was  applied  to  your  test  turbine? 

Author’s  Reply 

I  must  point  out  that  this  turbine  was  only  used  for  basic  research.  It  was  not  used  to  develop  a  higher  degree  of  cooling 
effectiveness.  We  looked  at  the  influence  of  external  heat  transfer  on  the  rotor  blades.  Therefore  you  must  consider  the 
cool  blade  only  has  a  heat  ‘string’. 


E.PInsley,  US 

What  was  the  upstream  temperature  of  gas,  i.e.  was  it  near  the  combustor? 

Author’s  Reply 

There  is  a  combustor  supplied  with  natural  gas  upstream,  but  it  is  far  from  the  turbine,  thus  they  are  separated.  There  is 
a  chamber  between  the  turbine  and  the  combustion  chamber.  Therefore  the  turbine  is  shielded  from  radiation  coming 
from  the  combustion. 


J  Allan,  US 

Was  probe  looking  upstream  or  downstream? 

Author’s  Reply 

The  first  one  looked  downstream.  For  upstream  looking  probes  we  use  air  purging. 
J.ANm,  US 

Did  you  have  trouble  with  purge? 

Author’s  Reply 

No,  not  at  all. 


R.E.Yorfc,  US 

The  following  comments  are  offered  as  an  aid  to  the  chairman  in  forming  his  own  summary  and  I  will  not  feel  slighted  if 
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you  choose  not  to  include  these  remarks  directly.  They  are  based  on  my  dual  experience  as  a  heal  transfer  research 
engineer  and  as  head  of  a  controls  R  &  D  department.  They  represent  an  interesting  contrast  in  how  'temperature'  is 
viewed. 

We  must  be  careful  to  distinguish  between  the  requirements  of  temperature  measuring  systems  for  research  and  engine 
development  with  those  for  engine  control  systems.  Both  the  thermal  sciences  research  scientist  and  the  engine 
development  engineers  place  a  high  value  on  temperature  accuracy.  Accuracy  in  this  context  means  both  absolute  ievels 
in  mean  values  of  either  the  gas  or  blade  surfaces,  and  sufficiently  high  response  to  capture  temperature  variations. 
However,  the  controls  system  engineer  does  not  usually  share  this  concern  for  either  ultimate  accuracy  or  very  high 
response.  He  needs  only  a  signal  related  to  temperature  that  has  a  response  rate  comparable  to  engine  transients.  He  is 
totally  comfortable  with  applying  empirical  correction  factors  and  lead/lag  constants  determined  during  iterative  engine 
development  testing.  The  controls  engineer  places  a  higher  value  on  durability,  stability  over  long  operating  times, 
reliability,  and  cost  of  the  ‘temperature  measurement'  system. 

These  two  different  requirements  should  therefore  result  in  quite  different  system  designs.  For  example,  a  cryogenically 
-cooled  detector,  needed  to  meet  the  high  sensitivity  requirements  for  R  &  D,  would  be  ill-suited  to  the  high- 
temperature  environment  of  a  high  flight  Mach  number  advanced  fighter. 

Hopefully,  the  further  development  of  advanced  temperature  measurement  technology,  of  either  the  fibre  optic  sensor 
or  pyrometry-type,  or  yet  another  principle,  will  allow  us  to  design  affordable  systems  optimized  to  each  application. 
Such  advances  are  a  critical  technology  need  for  the  high  temperature  engine  cycles  of  the  next-generation  of  gas 
turbines. 
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1.  SOMMAIRE 

Les  presentations  qui  ont  fait  I'objet  de  la  4eme  Session  du  67eme  Symposium  ont  permis  d'illusti  er  de  nombreux 
aspects  des  techniques  d'acquisition  et  de  traitement  des  donnees  a  haute  vitesse.  Elies  ont  en  particulier  mis  en  evidence 
■'importance  du  traitement  numerique  de  I'information  et  en  consequence  sa  dependence  des  progres  fails  dans  le  domaine 
informatique. 

Des  progres  considerables  sont  encore  envisageables  et  concemeront  surtout  les  vitesses  de  transfert  d'information.  les 
capacites  de  stockage,  les  possibility  de  calcul  temps  reel,  la  souplesse  d'utilisation  et  d'une  fa^on  generate,  une  meilleure 
ergonomie  des  moyens.  Toute  cetle  evolution  devra  sa  faire  de  telle  sorte  que  la  mise  en  oeuvre  de  ces  techniques  se  fasse 
sans  necessiter  de  formation  trap  specifique  du  physicien  a  celles-ci. 


2.  INTRODUCTION 

L’acquisition  et  le  traitement  des  donnees  a  haute  vitesse  sont  devenues  deux  clefs  essentielles  du  developpement  des 
methodes  de  mesures  les  plus  evoluees.  Ils  ne  constituent  pas  une  fin  en  soi  pour  le  physicien  mais  des  moyens 
indispensables  qui,  contme  le  montrent  nombre  d  exposes,  peuvent  contribuer  a  freiner  I'efficacite  des  experimentations  si  ils 
sont  insuffisamment  pris  en  compte.  Les  presentations  faites  au  cours  de  cette  session  ont  cherche  a  en  montrer  de  nombreux 
aspects:  quclles  fonctions  recouvrent  ces  techniques,  quetles  en  sont  les  particularity  et  les  limitations,  quel  gain 
operationnel  on  doit  en  attendre?  Nous  sommes  en  effet  dans  un  contexle  oil  le  facteur  temps  a  une  tres  grande  valeur:  tout 
progres  fait  dans  le  cycle  de  traitement  des  informations  sera  un  atout  essentiei  pour  celui  qui  aura  su  I'obtenir. 


3.  EVALUATION 

Sous  I'appcllation  “acquisition  et  traitement  des  donnees  a  haute  vitesse ",  de  nombreuses  fonctions  sont  a  considerer. 
Biles  touchcnt  aussi  bicn  au  pur  traitement  des  donnees  qu  en  l  automatisation  des  experimentations,  taches  qui  contribuent 
toutes  deux  a  ameliorer  les  qualites  operationnelles  des  essais  de  recherche  et  developpement. 

3.1  Acqubkkm/Trmitemnn  des  donnees 

Pour  ce  qui  conccme  cette  premiere  tache,  on  peut  distinguer  les  fonctions  suivanles: 

—  acquisition  des  signaux  (qui  reste  encore  analogique  dans  la  majoritc  des  cas), 

—  filtrage  puis  numerisation, 

—  stockage- memorisation, 

—  traitement  avec  possibility  de  dialogue  avec  rexperimentateur.  Cette  phase  peut  elle-meme  etre  divisee  en  2  classes: 
les  traitements  qui  soot  fails  alors  que  I'experience  se  poursuit,  generalement  appeles  “temps  reel"  ou  “temps  quasi 
reel"  et  ceux  effectives  en  temps  differe,  hors  essais, 

—  presentation  des  rfsuhats  (en  recherchant  la  forme  la  phis  explicite  possible  d’ilhistration  de  phenomenes 
complexes). 

Aucune  des  fonctions  exposecs  d-dessus  n  est  en  fait  independante  des  autres  et  la  lotalite  du  processus  doit  etre 
pensee  globalement  pour  arriver  it  un  resultat  perform  ant  I)  faut  sou  Signer  que  les  moyens  analogiques  ont  pratiquement 
disparu  pour  laisscr  la  place  aux  numeriques  avec  la  mise  en  oeuvre,  au  coeur  des  systemes  de  mesure,  de  moyens 
irrformatiques  de  puissance  croissante:  mesure  —  acquisition  —  numerisation  —  traitement  sur  ordinateurs  sont  devenus 
indissociables  Grice  k  cette  demarche,  les  methodes  ddveloppecs  peuvent  plus  facilement  passer  du  stade  laboratoire  a  celui 
de  la  Recherche /Developpement  et  enfin  a  celui  de  la  mise  en  oeuvre  courante,  ce  qui  doit  etre  notre  souci  permanent. 
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Plusieurs  techniques  de  mesure  peuvent  conduire  a  des  situations  ou  I'acquisition  et  le  traitement  doivent  etre  effect  ues 
a  haute  vitesse  et  ceci  pour  deux  raisons  principales  qui  agissent  dans  le  meme  sens: 

—  le  nombre  de  capteurs  necessaires  a  une  meme  experience  va  en  croissant, 

—  1’approche  “dynamique”  des  phenomenes  physiques  est  devenue  essentielle, 

En  pratique,  la  multiplication  du  nombre  de  capteurs  par  la  frequence  d'echantillonnage  (fonction  de  la  bande  passante 
utile)  conduit  a  des  situations  difficiles.  Les  exemples  presentes  illustrent  bien  les  ordres  de  grandeur  des  besoins:  50  000 
echantillons  par  seconde  pour  le  sum  du  fonctionnement  transitoire  d’une  turbomachine,  I  million  d’echantillons  par 
seconde  en  aerodynamique  non  stationnaire  des  entrees  d’air,  300  000  a  2  millions  d’echantillons  par  seconde  pour  le  suivi 
vibratoire  complet  d’une  machine. 

II  but  remarquer  egalement  qu-il  est  de  plus  en  plus  rare  que  les  valeurs  mesurees  soient  utilisables  telles  quelles.  Soil 
eUes  ne  sont  qu’une  image  tres  indirecte  du  phenomene  physique,  soit  elles  necessitent  pour  le  moins  des  corrections  et  un 
traitement,  souvent  statistique,  pour  etre  rendues  exploitables.  L'experimentateur  doit  done  posseder  une  puissance  de 
calcul  disponible  qui  lui  permettra  non  seulement  de  ne  pas  travailler  en  aveugle  mais  de  pouvoir  piloter  son  essai,  orienter  le 
programme...  Ceci  est  indispensable  vu  le  cout  d’exploitation  des  lourdes  installations  d'essais  dans  lequelles  les  experiences 
sont  conduites  et  explique  done  I’importance  qu'il  faut  accorder  aux  possibility  de  calcul  “temps  reel  ou  quasi  reel". 

Dans  de  nombreux  cas,  un  archivage  des  informations  brutes  est  malgre  tout  necessaire  et  doit  etre  fait  sans  degradation 
ni  en  amplitude,  ni  en  phase  relative.  Les  raisons  principales  peuvent  etre  tres  diverses: 

—  security  (possibility  de  rejouer  un  essai  qui  ne  peut  etre  recommence), 

—  impossibility  de  transmettre  les  informations  en  cours  d'essai, 

—  besoin  de  faire  des  traitements  parametriques  avec  des  reglages  differents, 

—  necessity  de  pouvoir  reprendre  un  essai  bien  plus  tard  a  des  fins  de  comparaisons  ou  avec  un  nouveau  modele 
dexploitation. 

Pendant  longtemps,  pour  les  types  d’acquisition  qui  nous  preoccupent,  I’enregistrement  magnetique  FM  a  etc  generalise 
(soit  I  RIG  large  bande  Groupe  1  puis  2,  soit  FM  multiplex).  Mais  cette  methode  limitc  la  precision  au  mieux  a  1%  et  peut 
induire  des  dephasages  entre  signaux.  Aujourd'hui,  suivant  les  cas  d’application,  des  evolutions  sont  previsibles,  soit  vers  des 
solutions  purement  informatiques  avec  les  progres  faits  en  matiere  de  memories  de  masse,  soit  vers  le  principe  de 
I’enregistrement  numerique  haute  density.  Cette  demiere  technique  merite  une  fiabilite  de  I'enregistrement  magnetique 
classique  avec  de  nombreux  avantages  lies  au  numerique  dont  en  particulier  la  precision,  le  bon  rapport  signal/bruit, 
l’absence  de  dephasage...  II  existe  un  besoin  pour  des  machines  ayant  une  capacity  de  plusieurs  Mmots/seconde  avec  des 
autonomies  de  l’ordre  de  30  min  a  1  h.  Par  contre,  une  difficulty  de  taille  subsiste  et  devrait  etre  trance  en  priorite:  il  s’agit  de 
I’absence  de  standard  universellement  adopte  en  la  matiere.  Si  en  enregistrement  magnetique  classique,  le  standard  IR1G  est 
remarquablement  bien  applique,  en  numerique  haute  density,  les  technologies  des  constructeurs  sont  differentes,  ce  qui  rend 
les  echanges  entre  organismes  quasiment  impossibles  a  moins  de  choisir  rigoureusemenl  les  memes  materiels.  On  peut 
egalement  noter  que  cette  technique  presente  l’interet  de  pouvoir  exister  en  technologie  embarquable,  ce  qui  etend  son 
champ  d’application  a  la  totality  des  conditions  experimentales. 

Une  autre  voie  est  celle  des  enregistreurs  de  transitoires.  Tres  interessants  car  ils  combinenl  en  un  seul  appareil  facile 
d’emploi  limit's  les  fonctions;  ils  sont  cependanl  souvent  Limites  par  le  volume  total  d’information  qu’ils  peuvent  stocker  sur 
chaque  voie  de  mesure.  Ils  sont  tres  performants  sur  le  plan  de  la  vitesse  de  transfert  et  de  memorisation  et  sous  cet  aspect 
depassent  ce  qu’on  peut  anendre  du  couplage  classique  d'un  ordinateur  associe  a  un  disque  dur  (dans  une  gamme  de  prix 
raisonnable). 

Certainy  applications  du  traitement  du  signal  et  en  particulier  le  traitement  d’imagy  devraient  pouvour  trouver  des 
possibility*  d’extension  avec  le  developpement  des  disquy  optiquy  qui  pourront  se  substituer  aux  memoiry  tampons. 
Hortnis  leur  ? vantage  sur  le  plan  de  la  capacity,  il  faudra  ici  aussi  que  dy  progres  soient  realises  en  ce  qui  conceme  la  vityse 
d'acces. 


Ly  installations  de  myure  specialy  a  hauty  performances  ryteront  vraisemblablement  en  nombre  limite  dans  chaque 
organisme  alors  que  ly  sity  d'essais  sur  lesquelly  elly  doivent  etre  mises  en  oeuvre  sont  beaucoup  plus  nombreux.  En 
consequence,  la  puissance  d’acquisition  et  de  traitement  doit  etre  mobile,  disponible  et  doit  su’.vre  les  equipements  de 
mesure.  Cela  signifie  qu’il  ne  faut  souvent  pas  compter  sur  la  puissance  d’un  gros  calculateur  central  comme  il  en  existe  dans 
tous  ly  Centres  d’Etudy .  Cest  a  ce  niveau  que  ly  progres  faits  en  matiere  d’ordinateur  et  tout  pardculierement  de 
processeurs  vectoriels  devraient  ouvrir  dy  horizons  nouveaux.  Quelquy  applications  sont  desormais  opyrationnelly  y 
compris  en  utilisant  ly  machiny  sans  faire  appel  a  la  bibliotheque  standard  de  traitement  du  signal.  Mais  de  telly 
applications  sont  encore  lourdy  a  developper  et  dy  progres  sont  indepensably  dans  la  programmation  de  tels  systemy 
pour  en  tirer  le  meiDeur  parti  sans  avoir  &  utiliser  dy  methody  de  programmation  specifiquy  et  tres  delicaty. 

3.2  Aulnamittaatlon  dy  experimentations 

Dans  le  cadre  de  cette  deuxiyme  tiche,  on  peut  distinguer  ly  fonctions  suivanty: 

—  pilotage  de  la  machine  en  essai, 
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—  ajustement  des  conditions  de  fonctionnement  du  banc  d’essai  et  des  servitudes, 

—  telecommande  des  divers  dispositifs  de  mesure, 

—  surveillance/alarme  et  automatisation  des  procedures, 

—  et  bien  entendu,  tout  ceci  euoitement  combine  avec  Y acquisition  de  toutes  les  mesures  associees  et  leur  traitement 
continu. 


Sur  les  moyens  complexes,  toutes  ces  fonctions  autrefois  devolues  f  des  instruments  analogiques  et  a  des  techniciens 
sont  desormais  gerees  par  un  ou  plusieurs  ordinateurs.  Une  des  consequences  essentielles  est  le  besoin  croissant  de 
traitement  temps  reel  de  toutes  ces  informations.  Ceci  ne  peut  etre  accompli  que  si  les  systemes  informatiques  ont  la  capacite 
de  trailer  des  acquisitions  ou  rafales  d’acquisition  prioritaires  tout  en  pouvant  imbriquer  les  autres  fonctions  de  calcul  et  en 
particulier  celles  qui  relevent  du  temps  partage.  11  faut  aussi  traiter  avec  un  soin  particulier  la  qualite  et  Tefficacite  de  la  sortie 
des  resultats: 

—  au  niveau  des  moyens  d’essai.  Le  pilote  et  l’experimentateur  doivent  pouvoir  disposer  tres  rapidement  (parfois  quasi- 
instantanement)  d’elements  clairs  et  synthetiques  permettant  de  travailler  efficacement  en  toute  security. 


En  plus  des  moyens  alphanumeriques,  les  systemes  graphiques  peuvent  apporter  une  aide  considerable:  pour  aider  a 
la  conduite  du  banc  en  presentant  des  synoptiques  continuellement  mis  a  jour  en  fonction  des  conditions  d'essais  mais  aussi 
en  affichant  une  representation  souvent  en  couleur  des  phenomenes  physiques  etudies  (ecoulements.  cartes,  traitement 
d’images). 

—  au  niveau  de  la  connexion  avec  des  moyens  exterieurs.  II  est  rare  en  effet  qu’une  installation  d’essais  soil  isolee  et  il 
faut  pouvoir  transferer  facilement  les  resultats  experimentaux  pour  pouvoir  les  confronter  ou  le  utiliser  dans  de  gros 
modeles  de  calcul  qui  ne  peuvent  operer  que  sur  des  calculateurs  tres  puissants.  Si  la  bande  magnetique  numerique 
est  et  restera  un  moyen  tres  utilise,  il  y  aura  de  plus  en  plus  de  besoins  de  mise  en  place  de  lignes  specialises  a 
plusieurs  Mbits/seconde  done  a  des  cadences  du  memc  ordre  que  celles  qui  existent  en  acquisition  pure. 


4.  CONCLUSIONS 

La  mise  au  point  des  turbomachines  implique  le  developpement  de  methodes  de  mesures  tres  sophistiquees. 
Aujourd’hui,  pratiquement  aucune  ne  peut  etre  con^ue  sans  prendre  en  compte  des  le  debut  de  la  conception  les  possibility 
dacquisition  et  de  traitement  des  donnees  a  haute  vitesse.  On  peut  meme  penser  que  les  progres  en  matiere  de  mesure 
passent  dans  de  nombreux  cas  par  ceux  faits  en  matiere  en  traitement  des  donnees.  Si  les  methodes  analogiques  ont  etc 
largement  employees  par  le  passe,  etles  tendent  aujourd’hui  a  ceder  le  pas  aux  moyens  numeriques. 

Ces  demiers  apportent  de  grands  avantages  en  matiere  de  cout,  de  souplesse,  de  qualite  des  informations,  its  posent 
cependant  certains  problems  dont  ceux  correspondant  a  la  vitesse  de  calcul  et  a  tout  ce  qui  touche  a  ce  que  Ton  appelle 
couramment  le  temps  reel  ne  sont  pas  des  moindres.  Ces  techniques  etant  relativement  recentes  et  fortement  dependantes 
des  progres  faits  en  informatique,  il  faudra  prendre  soin  a  rechercher  des  solutions  qui  permettent  une  bonne  compatibility, 
que  ce  soit  au  sein  d’un  organisme  ou  entre  les  laboratoires  qui  sont  amenes  a  travailler  ensemble. 

Il  faut  enfin  souligner  que  le  developpement  d'une  nouvelle  methode  de  mesure  complexe  ne  peut  etre  fait  qu’au  sein 
d’une  equipe  pluridisciplinaire  qui  doit  inclure  pour  le  moins  avec  le  physicien,  le  specialiste  de  mesures  et  1'informaticien  qui 
devront  coordonner  leurs  efforts  pour  utiliser  au  mieux  les  progres  techniques. 


5.  RECOMMENDATIONS 

L’acquisition  et  le  traitement  des  donnees  a  haute  vitesse  sont  des  outils  essentiels  qui  peuvent  contribuer  a  reduire  la 
duree  des  cycles  de  developpement  des  turbomachines.  Afin  de  les  rendre  plus  performants  et  d’en  etendre  le  champ 
d’application,  les  recommandations  ci-dessous  peuvent  etre  formulees: 

5.1  La  numerisatkm de  ('information  doit  etre  pratiquee  aussitot  que  possible.  Les  capteurs  a  sortie  numerique  seront 
done  tres  interessants  dans  ce  but. 

5.2  U  est  necessaire  de  disposer  de  moyens  de  stockage  puissants,  conservant  la  pre  :ision  et  de  vitesse  d’acccs  tres 
elevee.  Trois  votes  doivent  etre  developpees: 

—  1’enregistrement  numerique  haute  densite, 

—  les  enregistreurs  de  transitoires, 

—  les  disques  optiques. 

5.3  Dans  le  doraaine  de  I’enregistrement  numerique  haute-densite,  il  est  necessaire  qu’un  standard  soit  fixe  afin 
d’assurer  une  compatibilite  entre  les  divers  equipements- 

5.4  II  faut  pouvoir  disposer  de  moyens  de  calculs  puissants,  y  compris  sur  des  installations  mobiles  de  taille  modeste. 
Le  processeur  vectoriel  associe  a  un  miniordinateur  hote  peut  constimer  une  excellente  solution.  Des  progres 
restent  cependent  a  faire  en  matiere  de  facilite  de  programmation  de  tels  outils. 

5.5  Dans  de  nombreux  cas,  des  calculs  relativement  complexes  sont  souhaitables  sur  le  systeme  informatique  dedie  a 
(’application  experimentale.  II  faut  alors  que  les  ordinateurs  utilises  permettent  I’acquisition  et  le  calcul  temps 
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reel  associe  dc  fa^on  prioritaire  mais  aussi  puis  sent  servir  simulanement  divers  autres  utiiisateurs  en  temps 
partage. 

5.6  II  faut  developper  toutes  les  methodes  graphiques  et  d’imagerie  qui  peuvent  permettre  d’iUustrer  et  mieux  faire 
comprendre  les  phenomenes  physiques  mis  en  jeu. 

5.7  n  faut  developper  les  liaisons  numeriques  a  tres  haul  debit,  soit  pour  connecter  entre  eux  les  equipements  d'une 
mcme  installation,  soit  pour  pouvoir  les  relier  de  fa^on  performante  a  un  systeme  informatique  centralise  puissant 
sur  lequel  peuvent  etre  implantees  des  bases  de  donnees. 
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SUMMARY 

High  response  instrumentation  is  used  frequently  in  gas  turbine  engine  testing  to 
determine  the  transient  and  dynamic  behavior  of  various  engine  and  component  parameters. 
The  Naval  Air  Propulsion  Center  (NAPC)  enhanced  its  data  acquisition  and  analysis 
capability  in  April  1983  with  a  new  digital  high  response  data  acquisition  system  which 
eliminated  many  of  the  problems  inherent  with  older  analog  data  acquisition  and 
analytical  methods.  This  system  has  the  capability  of  acquiring  multiple  parameters 
simultaneously  at  an  aggregate  sampling  rate  of  up  to  48,000  samples  per  second  with 
on-line  digitization  and  real  time  recording  on  a  private  data  disk.  The  NAPC  offline 
data  analysis  system  provides  same-day  access  to  the  data  with  the  capability  to  display 
the  data  in  various  tabular  and  graphical  formats.  Analytical  techniques  available 
include  time  zero  analysis,  high  pass,  low  pass,  and  band  pass  digital  filtering,  and 
power  spectral  density  analysis  using  fast  fourier  transformations.  . 


INTRODUCTION 


The  testing  of  gas  turbine  engines  often  requires  determination  of  the  transient  and 
dynamic  behavior  of  various  engine  component  parameters  using  high  response  instru¬ 
mentation.  Earlier  methods  of  displaying  and  analyzing  high  response  data  at  NAPC  were 
complicated  by  throughput  and  accuracy  problems.  The  only  available  techniques  to 
obtain  data  were  to  display  analog  signals  on  paper  traces  in  the  test  cell  control  room 
and/or  to  record  the  data  in  analog  format  on  magnetic  tape  for  post-test  analysis.  The 
paper  traces  provided  only  limited  data  and  analysis  entailed  the  time-consuming  study 
of  hundreds  of  feet  of  traces.  While  the  analog  magnetic  tape  provided  more  data 
channels,  the  digitization  of  the  analog  recording  was  also  a  tedious  and  time-consuming 
process.  Both  methods  were  also  beset  with  many  inherent  sources  of  inaccuracy  which 
significantly  detracted  from  the  quality  of  the  results  obtained. 

In  order  to  overcome  the  deficiencies  of  these  early  high  response  data  systems, 

NAPC  developed  in  April  of  1983  a  fully  digital  high  response  data  acquisition  and 
processing  system  for  the  engine  test  cell  environment.  This  state-of-the-art  system 
gives  NAPC  an  accurate  and  efficient  method  of  acquisition  and  analysis  of  high  response 
engine  test  data.  This  paper  presents  information  on  the  background  that  led  to  the 
development  of  the  present  system,  the  capabilities  of  the  system  including  examples  of 
an  actual  application,  and  future  directions  of  high  response  data  acquisition  at  NAPC. 

PREVIOUS  HIGH  RESPONSE  DATA  ACQUISITION  SYSTEMS 

During  the  investigation  of  engine  stall  characteristics  or  operation  with  distorted 
inlet  conditions,  a  limited  number  of  parameters  were  displayed  on  paper  traces  in  the 
control  room  for  immediate  cursory  analysis,  and  the  primary  medium  for  recording  high 
response  data  was  on  an  analog  FM  tape  data  system.  This  type  of  system  had  been 
utilized  at  NAPC,  at  the  Arnold  Engineering  Development  Center  in  Tullahoma,  TN,  and  at 
other  test  centers  throughout  the  aerospace  industry. 

The  procedure  to  acquire  and  process  data  was  very  complex  and  had  many  limitations. 
As  shown  in  Figure  1,  data  was  recorded  on  analog  tape  at  the  test  site  for  up  to  144 
data  channels,  with  six  to  eight  hours  of  data  on  a  tape.  The  procedure  for  setting  up 
and  calibrating  the  equipment  required  one  full  day  of  preparation  time  by  skilled 
operators  and  project  engineers  before  data  acquisition  could  begin.  The  data  acquired 
was  a  merge  of  high  frequency,  high  response  (AC)  information  from  Kulite  semiconductor 
transducers  and  low  response  (DC  to  0.25  Hz)  data  from  strain  gage  transducers,  combined 
together  to  provide  the  value  for  each  parameter. 

After  the  data  was  recorded,  the  tape  was  carried  to  the  playback  device  attached  to 
the  DEC  PDP-11/70  central  computer  where  the  data  would  be  digitized.  Six  channels  at  a 
time  for  a  total  of  60  channels  were  read  from  the  analog  tape,  digitized,  and  converted 
to  engineering  units  and  stored  at  2,500  samples  per  second  on  a  digital  tape  for  a  one 
second  time  frame.  The  data  was  then  read  from  the  digital  tape,  one  frame  at  a  time, 
and  put  on  a  computer  disk  for  analysis.  A  massive  fixed  calculation  package  was  used 
for  data  interrogation,  editing  and  analysis.  Data  was  adjusted  to  reference  using 
manually  input  values.  Results  available  to  the  project  engineer  were  in  the  form  of 
graphs,  contour  plots,  and  detailed  and  summary  printouts. 

The  data  quality  was  questionable  (about  5  percent  full  scale)  because  of  the  analog 
taping  methods.  Most  of  the  final  processing  and  analysis  occurred  three  to  six  months 
after  the  completion  of  the  test,  eliminating  the  capability  to  reacquire  lost  or 
erroneous  data.  Data  on  the  analog  tape  contained  tape  noise,  which  could  not  be 
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effectively  eliminated.  Data  analysis  for  each  frame  was  limited  to  a  one  second  time 
period  with  no  optional  calculations  and  no  f rame-to-f rame  comparison. 

EVOLUTION  OF  THE  CURRENT  DIGITAL  HIGH  RESPONSE  COMPUTED  SYSTEMS 

A  hiqh  response  data  system  was  required  for  the  Pratt  and  Whitney  (P&w)  TF30  Engine 
Stall  Recovery  Test  that  was  conducted  from  May  through  September  of  1983.  The  TF30 
engine  was  equipped  with  twelve  (12)  Kulite  transducers  to  detect  instantaneous  airflow 
reversals  durinq  an  engine  stall.  Requirements  for  this  test  were  to  acquire  data  for 
up  to  48  channels  at  1,000  samples  per  second,  process  data  for  five  to  ten  second  time 
windows,  analyze  data  with  a  set  of  P&W-provided  calculations  and  digital  signal 
analysis  software,  plot  data  on  an  individual  and  multiple  run  basis,  and  accomplish  all 
processing  between  weekly  scheduled  test  periods.  Because  of  the  limitations  of  the 
existing  analog  system,  a  new  system  was  necessary  to  meet  these  specific  requirements. 

Because  of  a  short  lead  time,  NAPC  made  use  of  existing  or  similar  hardware  and 
software  whenever  possible  to  eliminate  long  purchase  and  development  lead  times.  It 
was  also  necessary  to  utilize  key  personnel  who  were  most  familiar  with  the  standard 
hardware  and  software  to  facilitate  the  transition  to  the  new  equipment  and  to  incor¬ 
porate  required  software  enhancements. 

HIGH  RESPONSE  DATA  ACQUISITION  COMPUTER  SYSTEM 

As  shown  in  Figure  2,  the  TF30  test  program  would  be  able  to  use  the  standard  NAPC 
test  cell  data  system  to  monitor  and  record  most  of  the  engine  parameters  required  for 
controlling  the  test  conditions.  However,  the  standard  system  could  not  take  the 
additional  job  of  acquiring  high  response  data.  Therefore,  a  second  data  system  was 
developed  to  run  in  parallel  with  the  standard  system  to  provide  high  response  capa¬ 
bilities.  At  first,  the  data  system  utilized  the  computer  (DEC  PDP-11/55)  of  the 
adjacent  test  cell,  but  later  used  its  own  dedicated  computer  (DEC  PDP-11/70).  Three 
significant  modifications  were  made  to  accommodate  the  special  high  response 
requirements.  First,  data  was  acquired  using  a  newly-purchased  NEFF  100  analog  to 
digital  converter  capable  of  acquiring  up  to  50,000  samples  per  second  (five  times  the 
rate  of  the  standard  NEFF  400),  meeting  the  TF30  requirement  48  data  channels  each  at 
1,000  samples  per  second.  Second,  this  data  was  digitally  written  to  a  dedicated  RK07 
disk  drive  instead  of  the  existing  magnetic  tape  drive  to  meet  the  required  data 
transfer  rates.  Each  removable  RK07  disk  pack  could  hold  more  than  four  minutes  of  data 
at  the  required  acquisition  rate.  Third,  a  specially-modified  subset  of  the  standard 
test  cell  software  was  installed  on  the  second  computer  system  utilizing  the  NEFF  100 
and  RK07  data  disk  but  retaining  as  many  standard  features  as  possible.  Several 
standard  test  cell  functions  were  therefore  available  on  the  high  response  data  system. 
Automatic  calibration  of  all  high  response  data  channels  was  completed  at  the  beginning 
of  each  test  period  and  periodically  during  the  day  as  necessary.  A  real  time  monitor 
was  available  for  displaying  up  to  60  high  response  converted  parameters  including 
calculations.  Hiqh  response  steady-state  data  was  acquired  using  the  same  parameters 
acquired  on  the  transient  system,  averaging  2.4  seconds  of  converted  data  and  stored  on 
a  magnetic  tape. 

HIGH  RESPONSE  DATA  REPROCESSING  COMPUTER  SYSTEM 

Up  to  1983,  the  central  computer  system  for  NAPC  was  a  DEC  PDP-11/70.  Because  of 
the  TF30  reprocessing  requirements  for  special  software  and  multiple  run  comparison 
capability,  the  standard  reprocessing  programs  on  the  central  computer  were  unable  to 
handle  all  of  the  needs  of  NAPC  and  P&W  project  engineers.  The  hardware  and  disk  space 
were  inadequate  for  the  amount  of  data  required.  The  program  size  limitations  would 
have  caused  the  time  for  processing  transient  data  to  increase  dramatically. 
Additionally,  the  standard  software  did  not  support  multiple  run  capability  or  any  of 
the  special  P&W  required  software.  Since  NAPC  had  already  recognized  the  deficiencies 
of  the  PDP-11/70  as  a  central  computer,  a  VAX-11/780  central  computer  was  already  in 
place  to  replace  the  PDP-ll/70.  The  TF30  project  was  the  first  application  to  be 
installed  on  the  new  central  computer.  As  shown  in  Figure  3,  the  only  additional 
requirement  was  to  add  an  RK07  disk  drive  on  the  VAX  for  hiqh  response  transient  data 
processing. 

Standard  steady-state  and  transient  processing  programs  were  first  converted  to  the 
VAX-1 1/780  computer.  High  response  processing  was  developed  using  the  standard  system 
as  a  guideline,  addi-  g  improvements  and  other  required  capabilities.  Steady-state  data 
was  read  from  tape  ar.d  reprocessed  as  necessary.  Data  outputs  were  printouts,  plots, 
and  customer  tape  copies.  Transient  data  was  read  from  the  storage  media  (magnetic  tape 
for  standard  transient,  and  RK07  disk  for  high  response),  converted  to  engineering 
units,  and  stored  on  the  system.  Up  to  20  regular  transient  and  10  high  response 
transient  runs  could  be  saved  on  the  system  at  the  same  time,  although  this  could  be 
expanded  or  decreased  if  necessary  for  specific  test  requirements  (the  TF30  test 
required  50  regular  runs  and  20  high  response  runs).  This  data  was  immediately 
available  to  the  project  engineer  and  could  be  printed,  plotted  (single  and  multiple 
runs),  filtered,  analyzed,  and  copiqd  to  another  magnetic  tape  for  the  engine 
manufacturer.  Interactive,  multiple-user  capability  was  also  added  to  improve  engineer 
and  operator  efficiency  (normally,  five  terminals  can  be  processing  data  at  the  same 
time ) . 


ADDITIONAL  CURRENT  HARDWARE  FEATURES 


Digital  high  response  data  acquisition  requires  high  response  pressure  transducers, 
siqnal  conditioning,  filtering,  very  fast  analog-to-digi tal  conversion  and  multiplexing, 
and  a  digital  computer  to  record  all  of  the  data. 

Most  typically,  subminiature  Kulite  pressure  transducers  are  used  as  high  response 
total  pressure  probes.  Each  Kulite  is  paired  with  an  accurate  pressure  transducer  such 
as  a  Statham  or  scanivalve  channel  to  measure  the  absolute  pressure  at  the  same  station. 
Signal  conditioning  for  the  Kulite  transducers  is  accomplished  with  Vishay  System  2300 
signal  conditioner  and  amplifier  modules.  Additional  instrumentation  such  as  speeds, 
positions  or  flows  are  recorded  with  the  high  response  data  system  to  provide 
independent  analysis  capability  without  reference  to  the  standard  data  system,  as  well 
as  providing  a  synchronization  capability  with  the  standard  data  system  if  needed. 

The  effective  maximum  aggregate  sampling  rate  of  the  NEFF  100  as  controlled  by  the 
NEFF  500  microprocessor  is  approximately  48,000  samples  per  second  after  systematic 
overheads  are  taken  into  consideration.  For  the  TF30,  the  system  was  configured  for  48 
data  channels  at  1,000  samples  per  second  per  channel.  At  this  sampling  rate,  the 
maximum  frequency  which  can  be  recorded  without  aliased  signals  is  just  below  500  Hz. 

To  obtain  alias-free  signals  from  the  Kulite  transducers,  but  still  maintain  the  highest 
possible  frequency  response,  a  64  channel  Precision  Filters  programmable  low  pass  filter 
is  used.  The  anti-aliasing  filters  were  set  at  300  Hz  for  the  TF30.  Other  tests  have 
acquired  16  data  channels  at  2,500  samples  per  second  with  the  anti-aliasing  filters  set 
to  1,000  Hz.  The  low  pass  filtered  Kulite  signals  are  then  input  to  the  NEFF  100 
analog-to-digital  converter  and  multiplexer.  The  digitized  signals  are  transferred 
directly  to  the  memory  of  the  on-line  PDP-ll/70  computer  by  the  NEFF  500. 

ADDITIONAL  CURRENT  SOFTWARE  FEATURES 

Data  acquisition  capabilities  can  vary  with  the  requirements  for  each  engine  test. 
High  response  transient  data  has  been  acquired  at  varying  rates  -  the  two  presently  in 
use  beinq  1,000  time  slices  per  second  for  48  channels,  and  2,500  time  slices  per  second 
for  16  channels.  The  transient  rate  can  vary  from  engine  test  to  engine  test,  but  not 
from  day-to-day  within  an  engine  test. 

Another  system  capability  is  a  choice  of  continuously  running  or  circular  buffer 
data  storage.  This  capability  allows  data  to  be  either  continuously  acquired  until  the 
data  run  is  terminated  (capturing  all  data  from  the  start  of  the  run) ,  or  saved  only  for 
a  fixed  period  (e.g.,  the  last  10  seconds)  of  data  for  every  run,  no  matter  how  long  the 
run  (done  with  a  circular  buffer).  At  the  beginning  of  an  engine  test,  the  project 
engineer  can  choose  which  acquisition  style  and  rate  is  needed  to  acquire  the  high 
response  transient  data,  and  these  capabilities  will  be  incorporated  throughout  the 
entire  test. 

The  high  response  steady-state  data  is  processed  on  the  VAX-11/780  with  all  standard 
reprocessing  capabilities.  The  data  is  read  from  the  magnetic  tape,  processed,  and 
recalculated  as  necessary.  The  data  is  then  printed  in  a  predesigned  format,  stored  on 
disk  for  plotting,  screen  design  analysis,  or  production  of  customer  tape  copies.  The 
data  stored  in  the  plotting  files  is  curve  fit,  and  is  used  for  data  comparison  against 
new  data. 

All  high  response  transient  data  is  processed  on  the  VAX-11/780,  using  the  RK07  disk 
drive  for  data  retrieval.  A  subset  of  the  raw  data  is  read  from  the  RK07,  converted  to 
engineering  units,  and  stored  on  larger  project  disks.  At  this  time,  data  modifications 
are  included  in  the  data  stored  on  disk.  More  than  one  run  is  stored  on  the  disk  at  the 
same  time,  providing  a  base  of  transient  runs  for  analysis.  Most  tests  have  10  high 
response  runs  of  five-to-ten  seconds’  duration  available  at  any  time. 

The  plotting  program  for  the  htqh  response  system  includes  all  standard  graphics 
capabilities.  Up  to  six  ”Y"  parameters  are  plotted  against  one  or  two  "X"  parameters. 
Predefined  page  designs,  sets,  and  titles  are  set  up  for  batch  plots  for  single  or 
multiple  runs.  Up  to  five  runs  can  be  overlayed  on  the  same  graph  at  the  same  time,  as 
shown  in  Figure  4.  A  time  zero  offset  can  be  input  to  the  program  for  each  run  to  allow 
direct  run-to-run  comparisons.  Scale  modification  for  plot  sets  is  available  for  easier 
plot  set  design. 

For  data  analysis  purposes,  two  software  packages  have  been  incorporated  into  the 
standard  transient  plotting  programs  on  the  VAX  11/780.  The  first  is  a  filtering 
program  using  a  digital  approximation  of  a  Butterworth  filter.  The  filtering  packaqe 
produced  low-pass  and  high-pass  data  using  selectable  pole  and  cutoff  frequency  values 
for  a  time  range  (up  to  five  seconds  for  high  response  transient  data).  This  package 
separated  high  frequency  (high-pass)  information  from  the  low  frequency  (low-pass)  data. 
Both  the  high-pass  and  low-pass  information  are  available  for  analysis.  Multiple  pass 
capability  through  the  filtering  program  is  implemented  to  allow  for  low-pass  filtering 
at  various  cutoff  frequencies  at  different  time  intervals,  or  band-pass  filtering. 
Band-pass  filtering  is  first  filterinq  with  a  low-pass  filter  and  then  with  a  high-pass 
filter  at  a  different  cutoff  frequency,  allowing  a  limited  frequency  range  to  affect  the 
data.  In  addition,  a  recalculation  option  is  available  to  recalculate  any  parameter 
which  is  a  function  of  any  filtered  parameter. 
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The  other  software  package  is  a  Fast  Fourier  Transform  (FFT),  used  to  determine 
spectral  characteristics  of  the  data.  Data  for  two  parameters  for  a  selected  time  range 
(two  seconds  for  high  response  transient  data)  are  processed  and  plotted.  Calculations 
available  for  plotting  are  power  spectral  magnitude,  cross  spectral  density,  cross 
spectral  phase,  and  coherence,  all  at  a  function  of  frequency.  The  frequency  range  is 
from  zero  to  half  of  the  data  acquisition  rate.  The  density  of  the  resulting  plotting 
points  and  the  magnitude  of  the  spectral  densities  are  dependent  on  the  variables  used 
to  run  the  fast  fourier  transform  software,  the  number  of  segments  and  number  of  points 
per  segment.  This  software  is  used  not  only  to  identify  the  dominant  frequency  but  also 
to  compare  two  pressure  spectral  densities. 

SOFTWARE  DATA  CORRECTION  METHODS 

Various  data  correction  methods  for  the  high  response  Kulite  transducers  are 
incorporated  for  different  engine  tests.  The  TF30  engine  test  used  a  combination  of 
Kulite,  Statham,  and  scanivalve  pressures.  Though  the  Kulite  pressures  are  very 
accurate  at  recognizing  high  response  pressure  changes,  they  drift  over  time  and 
temperature.  To  guarantee  the  most  accurate  pressure  for  high  response  data, 
corrections  for  the  Kulites  are  calculated  from  both  the  scanivalve  pressures  and  the 
Statham  pressures  acquired  at  the  same  location  in  the  engine.  Curve  fits  are  generated 
from  the  steady-state  scanivalve  data  and  Kulite  pressures.  Results  of  these  curve  fits 
are  compared  to  the  curves  generated  from  Statham  pressures  versus  Kulite  pressures 
(both  acquired  on  the  high  response  system).  There  was  a  negligible  difference  between 
the  two  curves.  These  curve  fits  are  updated  every  test  period  to  correct  the  Kulites 
to  the  more  accurate  scanivalve  pressures.  These  curves  stabilize  after  a  few  test 
periods  and  updates  are  no  longer  necessary.  When  the  high  response  data  is  processed 
for  the  on-line  high  response  real  time  monitor  and  for  plotting  on  the  central 
computer,  the  Kulites  are  adjusted  by  these  curve  fits  to  correct  the  absolute  pressure 
characteristics.  Also,  another  correction  is  calculated  to  adjust  for  temperature 
shifts  at  the  time  the  data  is  acquired.  During  reprocessing  on  the  VAX-11/780,  for 
each  Kulite/Statham  pressure  pair  acquired  on  the  high  response  system,  a  one-half 
second  average  of  static  data  prior  to  the  start  of  the  dynamic  condition  is  calculated. 
The  averages  of  the  Kulites  and  Stathams  are  compared  and  the  delta  is  added  to  all 
Kulite  samples  for  that  run.  This  corrects  the  Kulite  for  temperature  shifts  that  may 
have  occurred  since  the  last  calibration. 

TF30  EMGINE  STALL  RECOVERY  TEST 

The  first  use  of  the  new  high  response  system  was  for  the  TF30  engine  stall  recovery 
test  program,  conducted  at  NAPC  from  May  through  September  of  1983.  The  purpose  of  this 
test  was  to  develop  a  method  for  the  TF30  engine  to  self-recovery  from  what  would  be 
otherwise  non-recoverable  stalls.  The  goals  of  this  test  program  were  to  first 
determine  the  pre-  and  post-stall  characteristics  of  the  TF30  engine,  and  then  using 
this  knowledge  to  develop  stall  recovery  techniques. 

The  engine  used  for  this  test  was  a  P&W  TF30-P-414  engine.  The  TF30-P-414  engine  is 
an  afterburning  turbofan  used  in  the  F-14A  aircraft.  The  compression  system  consists  of 
a  combination  three-stage  fan  and  a  six-stage  low-pressure  compressor  (LPC)  on  the 
low-speed  rotor  and  a  seven-stage  high-pressure  compressor  (HPC)  on  the  high-speed 
rotor.  The  engine  was  specially  instrumented  with  six  high-response  rakes  with  two 
rakes  each  installed  at  the  fan  discharge/LPC  entry  (station  2.4),  at  the  LPC 
discharge/HPC  entry  (station  3.0),  and  at  the  HPC  discharge  (station  4.0)  as  shown  in 
Figure  5. 

The  high  response  rakes  used  for  this  test  were  each  instrumented  with  two  high 
response  absolute  pressure  transducers,  two  low  response  absolute  pressure  transducers, 
and  one  fast  response  thermocouple.  A  sketch  of  a  typical  high  response  rake  is  shown 
in  Figure  6.  The  forward  and  aft  facing  probes  on  each  high  response  rake  are  used  for 
dynamic  mass  flow  measurement.  The  dynamic  mass  flow  is  calculated  based  on  the 
relationship  between  the  forward  pressure  (Pf),  and  the  aft  pressure  (Pa).  An  example 
of  this  relationship,  which  was  formed  from  steady-state  data,  is  shown  in  Figure  7. 

Using  the  high  response  rakes,  it  was  now  possible  to  determine  in  which  component 
of  the  engine  comDression  system  the  stall  originates.  An  example  of  engine  stall  where 
the  HPC  surges  first  is  shown  in  Figure  8.  As  can  be  seen  in  the  figure,  there  is  an 
abrupt  decrease  in  pressure  at  the  HPC  discharge  followed  three  msec  later  by  an 
increase  in  the  pressure  at  the  HPC  entry.  The  decrease  in  HPC  discharge  pressure  and 
corresponding  rise  in  HPC  entry  pressure  shows  that  the  HPC  has  surged  and  stopped 
pumping.  The  LPC  surge  is  indicated  by  a  pressure  rise  at  the  LPC  entry  approximately 
six  msec  after  the  HPC  surged. 

The  next  part  of  the  analysis  is  concerned  with  when  and  where  the  rotating  stall 
cell  originates.  A  compressor  stall  typically  starts  with  a  planar  axial  pressure 
oscillation  of  low  frequency  (2-20  Hz).  The  compressor  therefore  experiences  a  series 
of  rapid  flow  reversals  and  recoveries.  As  the  stall  continues,  a  rotating  stall  cell 
will  form  and  the  planar  oscillation  will  damp  out  leaving  only  the  rotating  stall  cell 
present  and  the  compressor  will  then  be  operating  at  a  stall  operating  point,  at  which 
time  the  compressor  is  in  what  is  usually  termed  a  non-recoverable  stall  condition. 

Figure  9  is  a  plot  of  the  two  forward  facing  high  r eaponee  pressures  at  the 
discharge  of  the  HPC  for  the  first  0.50  second  after  the  stall  has  occurred.  The  traces 
show  that  the  pressure  oscillations  for  both  the  pressures  are  in  phase  for 


approximately  the  first  0.10  second,  therefore  indicating  that  the  pressure 
oscillations  were  planar.  After  the  initial  0.10  second,  the  pressure  oscillations  then 
are  out  of  phase  indicating  that  a  rotating  stall  cell  has  developed.  The  development 
of  the  rotating  stall  cell  can  be  further  confirmed  by  using  the  fast  fourier  transform 
( FFT )  routine.  The  FPT  routine  is  used  to  determine  the  phase  shift  of  the  pressure 
oscillations  seen  by  the  two  pressure  rakes.  Pigure  10  is  a  plot  of  the  phase  shift  and 
power  spectral  density  versus  frequency  for  the  portion  of  the  stall  in  which  a  rotating 
stall  cell  is  believed  to  be  present.  The  phase  shift  at  the  40  Hz  frequency  is 
approximately  equal  to  the  angular  displacement  between  the  two  station  3.0  pressure 
rakes,  therefore  confirming  that  a  rotating  stall  cell  is  present. 

It  is  also  possible  to  determine  when  the  planar  pressure  oscillations  are  damped 
out,  leaving  only  the  rotating  stall  cell.  This  is  done  by  use  of  the  filtering 
function.  Figure  11  is  a  HPC  entry  forward  facing  pressure  comparison  of  unfiltered, 

20  Hz  low-pass  filtered  and  20  Hz  high-pass  filtered  data.  The  low-pass  filtered  data 
shows  the  low-frequency  planar  pressure  oscillations  and  the  20  Hz  high-pass  filtered 
data  shows  the  higher  frequency  planar  oscillations  and  the  rotating  stall.  The 
low-pass  filtered  data  shows  that  the  planar  oscillations  have  damped  out  completely  by 
1.3  seconds  after  the  surge  occurred. 

By  using  the  FPT  routine  for  different  time  intervals  of  the  stall,  it  is  possible 
to  determine  the  rotational  speed  of  the  rotational  stall  cell  and  by  comparing  this 
speed  to  the  LPC  rotor  and  HPC  rotor  speeds,  it  is  possible  to  determine  in  which 
component  of  the  compression  system  that  the  stall  is  generated  by.  The  results  of  this 
are  plotted  in  Figure  12,  which  shows  that  the  rotating  stall  cell  speed  is  consistently 
47  percent  of  the  LPC  rotor  speed.  Therefore,  the  rotatinq  stall  cell  is  generated  by 
the  LPC. 

The  final  part  of  the  analysis  of  the  characteristics  of  the  compression  system  is 
the  determination  of  the  post-stall  operating  lines  of  the  LPC  and  HPC.  Figure  13  is  a 
plot  of  the  LPC  pressure  ratio  versus  corrected  LPC  entry  mass  flow  during  a  stall  with 
no  filtering.  By  using  the  digital  filtering  routine  to  remove  the  rotating  stall  cell 
frequencies,  it  is  possible  to  then  determine  the  average  compressor  operating  line  as 
is  shown  in  Figure  14.  Using  the  same  procedure  for  the  HPC,  the  results  are  shown  in 
Figures  15  and  16. 

FUTURE  CONSIDERATIONS 

The  future  enhancements  to  the  high  response  data  system  consist  of  completing  the 
conversion  of  the  remaining  features  of  the  standard  test  cell  data  system  to  the  high 
response  system.  This  would  add  a  failure  monitor  feature,  a  real  time  diagnostic 
capability  and  several  on-line  processing  options  that  would  provide  more  immediate 
analysis  results  while  still  in  the  test  cell.  Also,  as  NAPC  remote  computers  are  in  a 
network  with  our  central  VAX-11/780  computer  system,  methods  are  being  investigated  to 
transfer  the  test  cell  data  to  the  central  computer  immediately  after  each  run  to 
perform  more  complex  analysis  and  send  the  results  back  to  the  test  cell. 

CONCLUSIONS 

In  summary,  the  high  response  data  acquisition  system  has  proven  to  be  highly 
reliable  and  has  provided  quality  data  for  analysis  for  all  engines  tested.  With  the 
computing  power  of  the  VAX-11/780  available  for  post-processing  data  analysis,  the 
enhanced  analysis  capabilities  and  availability  of  information  for  the  project  engineer 
after  a  test  period  has  been  significantly  improved.  The  quicker  turn  around  of  the 
data  allows  timely  data  analysis  of  the  test  results  enabling  the  test  program  be 
conducted  in  a  more  efficient  manner. 
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DISCUSSION 


D. Davidson,  UK 

What  was  the  frequency  response  of  the  stall  probe  that  you  used  and  how  did  this  compare  with  the  engine  stall 
frequencies? 

Author's  Reply 

The  high  response  probes  had  frequency  response  greater  than  500  Hz  and  the  engine  stall  frequencies  were  less  than 
300  Hz. 


R. Demers,  US 

What  did  you  do  to  take  into  consideration  the  time  skew  of  your  data? 

Author’s  Reply 

The  analog  to  digital  processing  utilised  a  parallel  sample  and  hold  technique  to  eliminate  time  skewing  concerns. 


R. Wallace,  UK 

How  do  you  transfer  data  from  the  PDP  to  the  VAX  system? 

Author’s  Reply 

The  disk  RK02  on  the  PDP-1 1  is  used  to  store  the  primary  data.  After  the  test,  the  data  is  transfered  on  a  magnetic  tape 
over  the  VAX  system. 
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ACQUISITION  AND  ANALYSIS  OF  DYNAMIC  ROTATING  KATHINLRY  DATA 


by 

R.  Wallace 

Signal  Processing  and  Applications  Group, 
Cranfield  Institute  of  Technology, 
Cranfield,  Bedford  OAL ,  England. 
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-“^Ouring  the  development  and  design  of  new  engines,  vast  quantities  of  vibration  data  are  acquired.  An 
efficient  analysis  system  designed  to  analyse  dynamic  rotating  machinery  data  (accels,  decels,  etc.)  is 
described.  The  system  is  built  round  a  general  purpose  multi-tasking  computer  which  not  only  analyses  the 
data  directly  from  pre-recorded  tapes  or  rigs  but  allows  engineers  to  post-analyse  data  at  the  same  time. 
Examples  of  different  types  of  presentation  are  given  which  enable  easy  interpretation  of  measured  data. 
Comments  of  general  acquisition  rates  and  methods  are  also  given. 


1.0  INTRODUCTION 

Data  which  is  to  be  acquired  from  rotating  machinery  experiments  can  be  characterised  into  three  types: 

(a)  static  or  slow  moving  data  where  the  requirement  is  to  monitor  lots  of  parameters  at  sampling 
rates  of  up  to  10  or  20  samples  per  second. 

(b)  transient  or  surge  type  data  where  relatively  quick  changes  in  a  selection  of  parameters  have 
to  be  monitored  at  sampling  rates  of  up  to  300  or  1000  samples  per  second. 

(c)  dynamic  data  where  a  few  parameters  have  to  be  sampled  at  rates  of  up  to  30000  or  I0QG00  sam¬ 
ples  per  second. 

This  paper  deals  with  the  latter  case  -  the  acquisition  and  analysis  of  dynamic  data.  Using  this  dynamic 
data  the  engineer  will  investigate  in  detail  frequency  and  time  domain  functions.  A  typical  requirement 
is  to  measure  30  or  100  channels  at  a  frequency  bandwidth  of  20KHz  giving  a  samplinq  rate  of  30000  samples 
per  second  per  channel.  The  needs  of  a  computer  based  system  to  handle  this  work  is  discussed.  A  working 
system  for  off-line  analysis  is  given  with  details  of  the  configuration  and  the  procedures  used.  There 
are  many  advantages  of  having  a  true  on-line  system  to  investigate  the  dynamical  behaviour  of  experiments. 
An  example  is  given,  from  a  related  field,  of  how  on-line  acquisition  and  analysis  of  dynamic  data  gave 
significant  cost  and  technical  advantages.  The  paper  concludes  with  current  progress  towards  a  powerful 
on-line  system  to  handle  dynamic  data  from  rotating  machinery  where  artificial  intelligence  techniques  can 
be  used  to  assist  the  engineer  in  the  understanding  of  these  complex  problems. 


2.0  COMPUTER  SYSTEM  REQUIREMENTS 

The  basic  requirement  is  that  of  all  high  speed  Signal  Processing  systems  -  the  ability  to  handle  large 
volumes  of  data  at  high  data  rates  and  the  ability  to  organise  comprehensive,  yet  efficient,  analysis 
easily.  What  is  meant  by  Signal  Processing?  -  What  tasks  have  to  be  done7 

Signal  Processing  can  be  divided  into  four  stages  -  acquisition,  analysis,  output  and  application. 
Acquisition  involves  the  measurement  of  a  phenomena  and  the  process  of  being  able  to  describe  this  in  a 
numerical  form  in  a  digital  computer.  Analysis  is  the  operations  on  the  data  to  produce  meaningful  quan¬ 
tities  for  the  engineer.  Output  is  the  media  from  which  the  engineer  can  easily  understand  the  information. 
It  is  from  these  three  stages  that  the  engineer  can  understand  what  is  happening  on  the  application  and 
therefore  make  decisions. 


2. 1  Acquisition 

The  engineer  wants  to  gam  knowledge  of  motion  (or  some  other  parameter)  of  the  machinery  so  a  transducer 
is  placed  on  the  machinery  to  measure  that  motion.  This  transducer  provides  an  electrical  signal  -  a 
voltage  -  which  i9  proportional  to  the  movement.  This  signal  is  then  converted  into  digital  data  using  ar 
analogue  to  digital  convertor  (ADC)  and  transmitted  to  the  computer  for  analysis.  In  some  instances  this 
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conversion  is  done  within  the  transducer  and  related  signal  conditioning  itself  and  digital  data  is  trans¬ 
mitted  directly  from  the  transducer  to  the  computer.  In  other  cases  the  analogue  signals  are  first  record¬ 
ed  on  an  analoque  tape  recorder,  then  off-line  analysis  is  done  using  a  similar  ADC  and  computer  arrange¬ 
ment.  The  techniques  described  in  this  paper  are  the  same  for  all  methods  of  measurement. 


The  basic  components  required  for  a  Signal  Processing  System  to  acquire  and  analyse  data  are: 

(a)  computer  processor  to  run  the  software  which  analyses  the  data  and  controls  the 
peripherals. 

(b)  an  analogue  input  system  to  acquire  the  data. 

(c)  graphics  display  units  to  output  the  analysed  data. 

(d)  disc  backing  store  to  store  programs  and  analysed  data. 

(e)  printer  or  plotter  to  get  a  permanent  copy  of  results. 


Processor 

The  trend  in  computing  over  the  last  few  years  has  been  to  52-bit  mult l-t asking  mini  computers  because  of 
their  cost  effectiveness,  ease  of  use  and  power.  Are  these  mini  computers  suitable  for  handling  the  'real 
time  task*  of  acquiring  and  analysing  'dynamic  data'"’  first  of  all  'What  is  meant  by  real  time'” 

'Real  time1  are  words  just  like  ’data  processing*  -  they  have  lost  their  meaning.  Depending  on  context  it 
means  either  'time  sharing'  or  'true  real  time'.  How  can  the  difference  he  defined  and  is  it  indeed  a 
true  difference'’ 

'Time  shannq  systems'  are  normally  associated  with  commercial  type  systems  e.g.  transaction  processing, 
banking  with  many  terminals  connected  to  a  computer.  They  are  also  present  in  engi neer inq/sc lent  1 f ic  multi¬ 
user,  mul t 1 -terminal  large  number  crunching  systems.  Response  must  be  quick  -  the  quicker  the  better. 
However,  the  over-riding  feature  of  time  sharing  is  that  time  docs  not  actually  effect  the  process.  If  the 
interrupt  does  take  a  lonq  time  occasionally,  it  does  not  matter  since  the  next  interrupt  will  not  occur 
until  the  first  one  is  serviced. 

'True  real  time'  systems  are  those  which  give  response  to  happenings  extremely  quickly,  for  on-line 
processing  the  response  must  be  quicker  than  the  time  interval  between  data  samples.  If  the  interrupt  is 
not  serviced  quickly  enouqh  by  the  computer,  data  or  other  important  information  is  lost  and  can  never  tie 
recovered.  Therefore,  with  the  information  lost,  the  whole  process  fails. 

Thus,  m  a  multi-user  system  uspd  for  real  time  work  the  system  must  appear,  whenever  necessary,  to  have 
the  ability  to  handle  the  real  time  response  very  quickly  and  the  other  tasks  running  :n  the  system  must 
not  interfere  with  this  process;  in  this  manner  no  experimental  data  will  get  lost. 

To  take  an  example,  Cranfield  use  the  Perkin-flmer  5200  series  computers  for  this  type  of  work.  On  these 
computers  the  operating  system  OS .52  is  the  true  real  time  operating  system  and  the  time  sharing  require¬ 
ments  are  handled  by  a  monitor  program  called  MTM.  As  w’th  most  similar  systems  the  priority  system  used 
within  the  multi-tasking  system  ensures  fair  use  of  resources  by  all  users.  Hence,  to  ensure  the  highest 
priority  for  real  time  work,  the  real  time  task  can  be  run  on  a  special  terminal  outside  the  time  sharing 
system  at  a  priority  greater  than  any  of  other  tasks. 

This  has  two  distinct  disadvantages: 

(a)  it  is  inconvenient  to  run  from  a  special  terminal  and  some  features  of  the  time  sharing 
system  are  not.  available. 

(b)  in  general,  the  real  time  task  will  consist  of  pre-processing  of  data,  real  time  work 
(when  high  priority  13  really  necessary)  and  then  post-processinq.  In  an  ideal  situation 
(fair  to  all  users)  the  pre-  and  post-processing  stages  should  time  share  with  all  other 
tasks.  If  the  task  has  high  priority  all  of  the  time  while  it  is  being  run,  the  pre-  and 
post-processing  stages  may  result  in  poor  response  to  other  users. 


-0-  l 


To  solve  this  problem  a  small  resident  'Assist  task’  has  been  developed  which  1$  kept  in  memory  to  control 
priority  levels  when,  and  only  when,  real  time  work  is  taking  place,  for  example,  when  a  user  who  j«i  run¬ 
ning  at  an  HTM  terminal  wishes  to  do  a  multiple  buffer  (continuous)  data  acquisition,  the  priority  of  his 
task  is  automatically  changed.  The  subroutine,  when  called,  communicates  with  its  'Assist  task'  so  when 
real  time  work  is  teking  place  the  task  remains  at  the  highest  priority  and  reverts  back  to  its  original 
priority  after  the  data  transfer  has  finished. 

It  has  been  found  that  there  is  a  distinct  advantage  of  using  these  type  of  systems  for  handling  real  time 
applications  because  other  tasks  and  users  not  only  can  coexist  with  data  acquisition  but  can  work  rela¬ 
tively  unaffected  and  efficiently.  As  is  shown  later,  current  acquired  data  can  be  processed  and  previously 
acquired  data  can  be  post -processed  while  acquisition  is  taking  place. 

A  lot  of  the  analysis  process  can  involve  the  calculation  of  Fast  Fourier  Transforms  and  '-elated  block 
arithmetic.  Typically,  a  2048  real  point  FFT  may  take  300  milliseconds  to  calculate  on  ..  medium  si/ed  mini 
computer.  To  speed  this  up  an  array  processor  can  be  used  which  not  only  calculates  the  if  T  but  can 
speedily  de-multiplex  the  data  and  do  other  necessary  block  type  calculations  such  as  calibrating,  scaling 
fur  plotting,  square  rooting,  etc.  As  an  example,  Cranfield  use  a  Masscomp  system  with  an  array  processor 
for  general  siqnal  processing  work.  With  this  system  two  channels  of  data  can  tie  continuously  acquired  at 
20000  samples  per  second  per  channel  li.e.  no  data  missed),  all  power  and  cross  spectra  are  calculated,  and 
the  current,  spectral  values  of  a  selected  channel  are  drawn  on  a  screen.  Without,  the  array  processor  the 
continuous  acquisition  speed  would  drop  by  a  factor  of  10. 

for  off-line  work,  as  is  shown  in  a  case  history  later,  an  array  processor  is  not  essential  but  in  an  on¬ 
line  situation  it  is  highly  recommended. 
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Analogue  signals  from  the  experiment  or  tape  recorder  are  fed  through  anti-aliasing  filters  into  the 
Analogue  to  Digital  Converter.  The  ADC  is  controlled  by  and  feeds  data  through  an  interface  module  using 
software  drivers  and  subroutines  so  that  digital  information  >i,e,  a  replica  in  digital  format  the 
measured  signals  can  be  stored  m  the  computer. 

When  signals  come  from  a  tape  recorder,  automatic  control  of  the  recorder  from  the  computer  can  be  benefi¬ 
cial.  The  example  given  later  shows  how  automatic  running  of  a  system  overnight  can  reduce  the  man  power 
effort  required  to  run  the  system  -  this  could  not  be  done  without  computer  control  of  the  tape  recorder. 
Anti-aliasing  filters  are  almost  essential  when  acquiring  data.  Cranfield  usually  use  aBdH  Butterworth 
filters  or  1  3r?d8  Cauer  elliptic1  filters  from  Kemo  nr  Precision  F  liters.  Normal Iv  the  filters  are  undei 
computer  control. 

Cranfield  use  a  range  of  analogue  input  equipment,  from  Micro  Consultants,  Preston  Scientific.  Phoenix  Data 
and  Tustin.  Standard  systems  available  can  acquire  data  at  1  r»-tj 1 1  resolution  at.  total  throughput  rate;;  of 
up  to  one  million  samples  per  second. 


Peripherals 

A  disc  driver  is  a  fundamental  part  of  the  system.  Apart,  from  storing  programs,  the  disc  is  used  to  save 
a  replica  of  the  analogue  data  in  digital  format  and  to  save  analysed  data.  Conti nous  throughput  rates  of 
up  to  3MJK  samples  per  second  from  the  ADC  to  the  disc  are  currently  achieved  -  the  limiting  factor  is  the 
disc.  With  modern  discs  this  rate  can  now  reach  nearly  *>00K  samples  per  second.  Using  two  discs  it  is 
therefore  now  possible  to  acquire  on-line  continuously  a  manoeuvre  of  16  channels  with  a  frequency  band¬ 
width  of  20KHz . 

Graphics  is  a  very  important,  part  of  all  Signal  Processing,  for  most  work,  standard  graphics  terminals 
such  as  Tektronix  (or  compatible)  units  are  ideal.  However,  for  on-line  display  of  data  from  experiments, 
special  high  speed  display  units  are  used;  referring  to  the  Masscomp  example  given  above,  a  M2  line 
spectra  can  be  updated  on  a  screen  at  least  ?>  times  per  second  in  on-line  work.  A  system  always  has  to 
have  the  means  of  getting  the  hard  copies  of  the  graphs  shown  on  the  terminals  -  usually  on  a  pen  plotter 
or  printer/plotter. 
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3.0  ANALYSIS  AM)  OUTPUT 


Cranfield  have  worked  with  several  engine  manufacturers  and  related  organisations  in  the  handling  of  dynamic 
rotating  machinery  data.  A  typical  test  which  has  to  be  analysed  is  an  'accel'  or  ’decei'  where  the  engine 
is  run  from  one  speed  to  another  over  a  period  of  time  which  can  vary  from  30  seconds  to  U  minutes  or  more. 
The  engineer  wants  to  examine,  often  in  detail,  the  vibration  or  dynamic  behaviour  of  components  during  the 
manoeuvre. 

The  basic  analysis  strategy  in  a  series  of  programs  called  ROMAS  -  Rotating  Machinery  Analysis  System.  The 
aim  is  a  complete  system  to  acquire,  analyse  and  then  output  results  in  a  readily  understandable  form  for 
the  engineer.  The  principle  components  are: 

(a)  the  input  and  set  up  o'  data  files  using  parameters  logged  on  the  engine  test  bed. 

(b)  acquiring  and  interpreting  calibration  signals. 

(c)  acquiring  and  analysing  data  whether  it  comes  for  accels,  decels  or  steady  state 
running. 

(d)  plotting  graphs  and  displaying  summary  tables. 


Input_of_Data 


Data  which  is  normally  put  down  on  the  log  sheets  of  the  test  is  requested  by  the  system.  This  includes: 

(i)  details  about  the  group  of  tests  being  conducted  such  as  engine  type,  build, 
test  location,  test  title  and  engine  shaft  speeds  (tachos). 

(ii)  details  about  the  parameters  of  the  transducers  such  as  name,  calibration, 
gain  etc. 

(iii)  details  of  the  calibration  test  runs. 

(iv)  details  of  individual  test  runs  such  as  configuration,  manoeuvre  and  which 
transducers  are  being  used. 

There  are  two  important  reasons  for  inputting  this  data  -  to  have  a  permanent  record  of  the  test  (as  on  a 
log  sheet)  and  to  ensure  that  all  graphs  presented  have  the  correct  labelling.  Once  data  has  been  entered 
automatic  labelling  of  all  outputs  is  ensured. 


Calibration 

Two  types  of  calibration  procedures  are  used: 

(a)  a  series  of  dc  levels  representing  known  calibration  points  -  these  are  acquired  and  a 
least  squares  fit  method  calculates  the  calibration  factors. 

(b)  a  series  of  sine  waves  over  the  frequency  range  of  interest  where  the  rms  of  the  sine 
wave  represents  known  calibration  levels.  It  has  been  found  useful  to  have  calibration 
points  over  the  whole  frequency  range  because  the  system  can  then  compensate  for  signal 
conditioning  characteristics  -  particularly  at  higher  frequencies. 


Acquisition_and  Analysis 

The  basic  parameters  required  to  acquire  and  analyse  the  data,  apart  from  the  transducer  channels  themselves, 
are: 

(a)  frequency  -  the  range  to  be  investigated  (which  determines  the  sampling  rate),  the  filter 
settings  and  if  zoom  analysis  is  required. 

(b)  reference  signal  -  which  tacho  and  the  speed  range  required;  a  speed  (tacho)  signal  or 
time  can  be  used  as  the  reference  base. 

The  normal  procedure  when  off-line  analysis  is  being  done  is  to  position  the  recorded  tape  to  the  correct 
position,  either  manually  or  under  program  control,  and  continuously  acquire  and  store  on  disc  the  required 
channels  of  data  and  tacho  signals.  If  the  required  throughput  rate  of  acquisition  is  greater  than  the 
overall  system  capability  then  the  replay  tape  recorder  can  be  slowed  down.  While  acquisition  is  taking 
place  a  trace  of  the  tacho  speed  is  shown  on  the  screen. 

The  tacho  signal  is  often  recorded  as  a  sine  wave  whose  frequency  is  proport’onal  to  the  shaft  speed.  There 
are  three  choices  of  how  to  decode  this  -  to  use  an  ac  to  dc  converter  and  digitise  this  converted  signal, 
to  use  an  external  counter  and  read  in  the  output,  or,  to  accept  the  sine  wave  type  signal  into  the  system 
and  let  the  computer  do  the  counting.  This  latter  method  has  been  found  to  be  the  most  accurate.  At  high 
speeds  there  is  little  difference  in  the  methods  but  at  low  speeds  tt e  ability  of  the  computer  system  count 
method  allows  interpolation  between  crossing  points  giving  greater  accuracy. 

At  the  end  of  the  acquisition  stage  continuous  blocks  of  digital  data  are  held  on  disc  backing  store  and  the 
speed  associated  with  each  block  is  known.  This  data  has  then  to  be  analysed  and  displayed.  The  density 
graphical  form  of  the  Cambell  diagram  provides,  perhaps,  the  most  effective  summary  presentation  for  this 
type  of  data.  For  the  convenience  of  output  devices  used  the  presentation  allows  360  spectra  taken  at 
different  speeds  during  the  accel  to  be  displayed  with  320  frequency  points  in  each  spectrum.  The  tacho 
speeds  calculated  during  acquisition  are  inspected,  the  requested  range  is  split  into  360  and  usinq  a  block 
of  data  associated  with  each  required  speed  the  spectra  are  calculated.  This  has  the  advantage  over  the 
conventional  method  in  selecting  blocks  at  equal  time  intervals  because  engine  order  lines  shown  are  now 


straight,  aiding  interpretation  of  the  data.  During  an  accel  a  reguest  to  the  driver  is  wade  to  make  a 
steady  speed  increase  -  however,  in  practice  this  is  not  often  possible  to  do;  the  method  described 
counteracts  this  problem. 

In  displaying  this  type  of  data  there  are  three  variables;  variation  in  speed  (x  axis),  variation  in 
frequency  (y  axis)  and  variation  in  intensity  of  vibration.  The  display  shown  (Figure  1)  uses  intensity 
as  this  third  variable.  In  the  example  given  an  8  level  grey  scale  of  intensity  is  used  -  the  amplitude 
being  shown  as  a  logarithmic  scale.  Colours  replace  greyness  when  displayed  on  an  on-line  terminal. 

The  density  plot  gives  a  qualitative  initial  description  of  the  overall  vibration  content.  To  give  more 
detail  an  initial  supplementary  plot  is  produced  of  'peak  hold',  the  highest  amplitude  in  the  frequency 
bandwidth,  'rms*,  giving  c  ^rall  vibration  content  at  a  given  speed  and  'density  magnitude’;  in  this 
latter  plot  the  greyness  indicates  frequency  range.  Hence,  from  comparing  the  two  graphs  the  engineer 
gets  an  immediate  approximate  appreciation  of  the  distribution  of  areas  of  major  vibration  levels. 

Figures  2  and  3  show  a  pair  of  typical  outputs. 

Once  the  spectra  have  been  calculated  they  are  stored  on  the  disc  backing  store  and  these  outputs  can  be 
re-displayed  in  different  ways  using  other  tachos  (in  a  multi-tacho  system)  as  reference,  if  needed, 
without  having  to  re-acquire  the  data.  To  investigate  different  frequency  ranges  more  accurately,  the 
axes  can  be  expanded.  The  resolution  in  Figure  4  is  poor  so  if  more  detail  is  required  the  analysis  has 
to  be  repeated  using  zoom  techniques  where,  in  Figure  5,  all  the  frequency  points  are  packed  into  the 
range  12K  to  15KHz.  The  zoom  method  preferred  is  to  use  a  large  point  FFT  transform  (up  to  52K  spectral 
lines).  Technically  this  gives  better  spectral  estimates  than  the  usual  siqnal  processing  zoom  techniques 
of  frequency  translation  or  bandpass  filtering  because  the  results  are  not  contaminated  by  any  pre¬ 
processing  calculations. 

The  plots  described  are  used  to  give  an  overall  summary  of  the  manoeuvre.  Once  the  data  has  been  acquired, 
analysed  and  stored  on  disc  the  data  is  available  to  be  processed  in  detail  in  many  ways  so  that  'a  complete 
picture'  can  be  built  up  by  the  engineer.  Typical  analyses  include: 

(a)  amplitude  along  engine  order  lines,  or  modes  (Figure  6);  in  general  a  track  across  a  com¬ 
bination  of  multiple  shafts  and  frequency,  such  as,  aM  ♦  bN2  +  cN3  ♦  d,  is  done  where  N1 , 

N2,  N3  represent  the  engine  shaft  speeds  and  a,  b,  c,  d  are  selectable  variables. 

(b)  average  amplitude  against  frequency  or  engine  order  (Figure  7). 

(c)  phase  difference  and  cross  amplitude  levels  between  pairs  of  channels  (Figure  8).  Since 
the  acquisition  method  is  multi-channel  it  is  no  more  difficult  to  calculate  cross  spectral 
terms  as  auto  spectral  terms  -  hence  phase  relationships  between  channels  are  available. 

One  point  to  note  is  that  the  coherence  function  is  also  qiven.  The  coherence  function 
measures  the  linear  dependence  or  correlation  between  the  two  parameter  channels  in  the 
frequency  domain.  If  the  coherence  value  is  not  close  to  unity  then  the  two  parameters 
could  be  not  mutually  dependent,  the  system  relating  the  two  could  be  non-linear  or  the  two 
signals  could  be  contaminated  by  a  lot  of  measurement  noise;  hence  the  value  of  modulus 
and  phase  angle  3hould  be  qualified  if  the  coherence  value  is  low. 

(d)  waterfall  diagram  (Figure  9);  there  is  a  limit  in  the  number  of  spectral  lines  that  can  be 
displayed  on  one  plot  so  the  density  plot  is  usually  preferred. 

(e)  engine  speeds  against  time  plot  (Figure  10). 

In  addition,  time  amplitude  statistics  such  as  time  history  display  (Figure  11),  probability  values,  ram- 
flow  counts  etc.,  can  be  calculated.  One  interesting  technique  used  when  investigating  time  history  data 
is  how  to  overcome  the  problem  of  display  of  large  amounts  pf  data.  On  a  screen  it  is  usually  only  realis¬ 
tically  possible  to  show  about  2000  points  in  one  line.  With,  say,  tens  of  thousands  of  points  to  display 
the  technique  of  'block  presentation'  is  used.  The  total  number  of  points  to  be  displayed  19  broken  down 
into  about  2000  blocks.  For  each  block  either  a  single  point,  an  averaged  value  or  more  generally  the 
maximum  and  minimum  point  is  displayed.  The  engineer  can  thus  see  where  the  activity  he  is  interested 
occurs  and  interactively  expand  the  timescale  of  that  portion  of  the  data  record  by  re-displaying  over  the 
true  period  of  interest. 


4.0  CASE  HISTORY 

Figure  A  shows  an  actual  configuration  of  a  system  which  acquires  and  analyses  dynamic  rotating  machinery 
data.  The  ROMAS  system  described  is  used. 

An  automatic  tape  control  system  was  designed  utilising  one  track  of  the  tape  recorder.  A  request  to 
analyse  a  particular  test  is  fed  into  the  computer  with  the  time  of  the  test  snd  under  computer  control 
the  test  item  is  found,  acquired  and  analysed.  This  system,  and  the  architecture  of  the  program  suite, 
allows  automatic  running  overnight  thereby  ensuring  quick  turn  round  of  the  analysis  and  also  reducing 
the  man  power  required  to  run  the  system.  The  system  can  display  the  'density  type*  graphs  either  on  the 
Versatec  V80  plotter  or  the  colour  Ramtek  display  units.  The  actual  real  time  continuous  throughput  rate 
of  acquisition  normally  required  ranges  from  500  to  800000  samples  per  second.  The  tape  control  system 
automatically  selects  the  optimum  tape  replay  speed  for  the  analysis  system  -  usually  between  150000  and 
300000  samples  per  second;  speeding  up  of  the  tape  results  in  quicker  analysis  and  slowing  down  achieves 
very  high  real  time  acquisition  rates.  At  the  same  time  as  the  main  stream  acquisition  and  analysis  is 
being  performed  engineers  can  carry  out  exhaustive  post  analysis  work  on  data  already  analysed.  This 
facility  demonstrates  the  ability  of  these  systems  to  mix  high  speed  data  acquisition  with  post  analysis 
work. 


5.0  ON-LINE  DYWH1C  DATA  COLLECTION 


The  advantages  of  extending  this  off-line  system  work  to  on-line  analysis  are  illustrated  in  the  case  history 
of  acquisition  and  analysis  of  dynamic  aerodynamic  data  from  models  mounted  in  a  high  speed  wind  tunnel  at 
the  Royal  Aircraft  Establishment  in  Bedford,  England. 

Modern  experimental  techniques  for  the  testing  of  all  prototype  structures  require  that  an  ever  increasing 
number  of  data  channels  be  measured.  Although  sample  rates  of  only  5000  per  second  are  required,  64  channels 
of  data  have  to  be  monitored  and  analysed  for  continuous  periods  of  up  to  2  minutes;  this  gives  a  total 
throughput  rate  of  320000  samples  per  second.  Much  less  than  some  rotating  machinery  requirements  but  still 
high. 

A  system  called  PRESTO  was  installed  to  do  this  work.  Before  the  PRESTO  system  was  installed  tests  were 
performed  by  pre-defining  conditions,  running  the  tests  and  recording  the  data  on  analogue  tape.  Minimal 
on-line  single  channel  analysis  was  carried  out  using  an  EFT  analyser.  After  completion  of  the  tests  the 
data  was  comprehensively  analysed  over  the  following  few  weeks. 

With  the  multi-tasking  system  these  tasks  are  now  performed  simultaneously: 

(a)  high  speed  data  acquisition  and  test  data  storage. 

(b)  analysis  of  data  using  parallel  processing  techniques. 

(c)  post-processing  of  data  (e.g.  aerodynamic  analysis). 

The  processes  are  completely  independent  providing  the  following  advantages: 

acquisition 

After  data  acquisition  corresponding  to  one  test  condition,  data  may  be  acquired  for  subsequent  testa 
as  soon  as  the  tunnel  conditions  are  ready.  This  process  may  be  carried  out  even  if  the  previous  data 
run  has  not  been  completely  analysed.  This  'independent*  acquisition  approach  means  that  less  elec¬ 
trical  power  is  used  since  the  tunnel  is  operated  for  the  shortest  possible  time.  Also,  the  life  of 
the  model  within  the  tunnel  is  extended  because  of  reduced  fatigue  damage. 

analysis 

the  analysis  required  is  divided  into  several  segments  based  on  the  5PAG  programs  which  can  run  in 
parallel.  Although  PRESTO  starts  as  a  single-tasking  job  run  from  a  time  sharing  terminal  it  invokes 
multi-tasking  by  creating  parallel  processing  tasks. 

poet-proceaainq 

aerodynamic  results  can  be  displayed  on-line  enabling  the  test  engineer  to  re-de9ign  the  test  schedule 
as  he  progresses.  Thus,  irrelevant  tests  can  be  eliminated  and  unexpected  results  may  be  immediately 
investigated  in  greater  depth.  This  process  allows  a  more  efficient  use  of  the  test  schedule. 

The  above  advantages  have  led  to  the  hardware  cost  of  PRESTO  being  recovered  on  each  tunnel  entry  by  the 
savings  in  electricity  alone,  hence  showing  the  power  of  an  on-line  multi-tasking  system. 


6.0  ON-LINE  DYNAMIC  ACQUISITION  OF  ROTATING  MACHINERY  DATA 


A  typical  current  requirement  is  to  acquire  200  channels  of  dynamic  data  at  20KHz  bandwidth  giving  a  totsl 
throughput  of  10  million  samples  per  second.  Realistically,  there  is  no  way  that  a  system  can  acquire  and 
usefully  deal  with  that  amount  of  data  truly  on-line.  What  can  be  done  is  to  take  16  of  those  channels 
(about  one  million  samples  per  second  acquisition  rate)  into  the  system  recording  all  channels  onto  tape 
recorders  at  the  same  time.  With  an  array  processor  based  system  some  of  the  data  can  be  analysed  truly 
on-line  with  the  rest  of  the  analysis  being  done  just  after  the  manoeuvre  has  finished.  With  a  high  speed 
output  display  'density  or  Campbell  type1  data  may  be  displayed  on-line.  Because  of  the  ability  of  the 
coexistence  of  other  software  tasks,  specialised  programs  may  be  run  to  detect  known  occurrences  such  as 
engine  order  peaks,  flutter  mode  maxima  etc.  Indeed,  special  artificial  intelligence  type  programs  may  be 
run  to  deduce  trends  and  unexpected  happenings  during  manoeuvres.  Using  this  approach  only  a  few  channels 
are  analysed  truly  on-line  or  nearly  on-line  -  the  rest  of  the  channels  may  be  analysed  immediately  after 
completion  of  the  manoeuvre  by  replaying,  under  computer  control,  the  other  data  channels  recorded  during 
the  test  in  an  off-line  manner  as  described  earlier. 


7.0  CONCLUSION 


This  paper  has  attempted  to  show  how  dynamic  data  from  rotating  machinery  can  be  acquired  and  analysed  in 
an  efficient  manner.  The  extension  of  the  system  described  to  on-line  work  has  extreme  technological 
advantages  aince  this  will  speed  up  development  time  and  hence  save  substantial  amounts  of  money.  The 
major  current  problem  is  the  interpretation  of  the  data  and  the  development  of  the  algorithms  to  filter  the 
analysed  data  so  that  quicker  development  decisions  may  be  taken.  The  ability  of  acquisition  and  analysis 
techniques  to  produce  the  data  ia  now  available. 


Figure  1 
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DISCUSSION 


D.  Davidson,  UK 

I  am  concerned  that  with  such  powerful  spectral  analysis  techniques  that  the  dangers  are  increasing  of  parasitic  inputs 
being  interpreted  as  real  data. 

While  the  types  of  analysis  and  display  that  you  have  shown  can  be  a  great  help  to  the  engineer.  I  feel  that  even  greater 
care  must  be  exercised  in  designing  the  experiment  so  that  these  parasitic  effects  can  be  evaluated. 

Author*s  Reply 

It  is  very  important  for  the  engineer  to  quantify  any  features  he  sees  from  his  results,  thereby  identifying  such  parasitic 
items.  In  general,  we  calibrate  our  systems  to  check  that  the  acquisition  and  analysis  process  does  not  introduce  such 
parasitic  effects. 

After  this  stage,  the  engineer  must  inspect  his  results  and  determine  what  is  real  and  what  has  been  introduced  by  his 
measurement  process. 


M.L.G.OIdfield,  UK 

As  microprocessors  and  memory  are  now  very  inexpensive,  surely  the  best  system  is  to  separate  the  A/D  conversion 
and  real-time  storage  functions  from  the  time-sharing  or  multi-tasking  computer  used  for  processing  and  display.  An 
example  of  this  would  be  the  use  of  intelligent  transient  recorder  types  of  system  which  communicate  to  the  computer 
through  a  high  speed  parallel  bus.  Such  sy stems  solve  the  problems  of  high  data  rates  into  the  computer  by  allowing 
asynchronous  transfer  of  the  data,  while  still  providing  reasonably  prompt  response  to  the  user  at  a  terminal. 

Do  you  agree? 

Author's  Reply 

Individual  systems  have  individual  requirements.  The  sheer  bulk  of  data  which  we  usually  deal  with  makes  your 
approach  often  ineffective. 

However,  in  some  cases,  particularly  at  throughput  rates  of  over  one  million  per  second  and  shortish  periods  of  time, 
your  approach  is  probably  the  only  feasible  way. 


J. Chivers,  UK 

We  recently  had  a  problem  to  collect  data  from  1 0  channels  at  a  1 0  MHz/channel  sampling  rate.  We  adopted  a  very 
similar  approach  with  individual  ADC  and  Buffers  before  sending  the  data  to  a  minicomputer.  We  found  it  was  a  very 
effective  approach. 
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SOtiAIRE 

Les  etudes  de  compatibilite  entre  1'entrAe  d’air  d'un  avion  et  le  moteur  constituent  une  Atape  esocntielle 
de  la  raise  au  point  d'un  nouveau  materiel. 

Ces  travaux  s'appuient  entre  autres  sur  une  activite  experioentale  qui,  pour  etre  exploits  dans  les  meil- 
leures  conditions,  impose  la  oise  en  oeuvre  de  moyens  tres  comp  lets  d 'acquisition  et  surtout  de  traitement 
des  mesures.  L'ensemble  des  moyens  decrits  ici  illustre  la  panoplie  des  systemes  analogiques  et  numeriques 
qui  sont  dAsormais  operationnels .  L'accent  est  mis  en  particulier  sur  l’importance  du  suivi  temps  reel  de 
l'essai  qui  conditionne  dans  une  large  part  1 'architecture  des  moyens  originaux  qui  ont  dfl  etre  develop- 
pAs. 

1  -  INTRODUCTION 

Les  constructeurs  d 'avion  et  les  motoristes  qui  cherchent  a  etablir  le  bilan  propulsif  et  la  meilleure 
integration  de  l'ensemble  prise  d'air-moteur  dans  toutes  les  conditions  de  vol  sont  dAsormais  conduits  ne- 
cessairement  a  s'interesser  aux  caracteristiques  non  stationnaires  de  l'ecoulement  a  1 'entree  du  compres- 
seur.  Les  etudes  correspondantes  s'appuient  sur  une  recherche  experiments le  trAs  importante  qui  couvre 
tous  les  domaines  allant  de  l'essai  sur  maquette  en  soufflerie  a  l'essai  final  sur  avion  en  vol.  Dans  tous 
les  cas  les  experimentateurs  ont  du  faire  Avoluer  leurs  moyens  d’essais  en  adaptant  les  outils  de  mesure , 
d 'acquisition  et  de  traitement  au  nouveau  probleme  pose  :  celui  de  1 'analyse  des  phAnomenes  non  station¬ 
naires.  Cet  article  presente  done  les  moyens  etudies  et  realises  par  l'ONERA  (essais  soufflerie)  et  la 
SNECMA  (essais  sur  machines  a  1' Ache lie  1)  pour  couvrir  totalement  le  champ  de  ces  etudes  experimentales. 
Ces  dAveloppements  effectuAs  en  liaison  tres  Atroite  garantissent  une  compatibilite  et  une  corap 1 eme n tar i- 
te  excellente  des  Aquipements.  ‘iypiquement  le  probleme  pose  consiste  a  traiter  a  une  frequence  de  l'ordre 
de  4  a  8  KHz  MO  signaux  aleatoires  de  fagon  A  en  extraire  un  certain  nombre  de  parametres  (Indices  de  dis- 
torsion)  qui  peuvent  ensuite  etre  corrAlAs  avec  le  comporteraent  de  la  machine,  e'est  a  dire  avec  sa  repon- 
se  A  une  alimentation  en  air  heterogene  mais  connue. 


i 
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2  -  OBJECTI FS  GEMERAUI  D'UN  3T3TBME  DE  HE SURE  ET  DE  TRAITEMENT 

Une  des  princlpales  difficultes  rencontrees  lors  des  essais  reside  dans  le  caractAre  alAatoire  des  phAno- 
mAnes  observes  et  en  consequence  dans  le  ratio  trAs  faible  entre  la  duree  des  phenomAnes  utiles  sur  le 
plan  "aArodynamique"  et  la  durAe  totale  de  l'essai.  II  est  Agalement  connu  que  dans  ce  type  d 'essais  le 
volume  global  d 'informations  est  tel  qu'il  rend  1 'exploitation  extremement  lourde  et  longue  par  les  moyens 
traditionnels.  L'objectif  final  recherchA  a  done  At A  de  localiser  et  d 'analyser  en  details  les  seules 
tranches  de  temps  susceptibles  de  prAsenter  un  intArAt  sur  le  plan  aArodynamique .  En  plus  de  cet  objectif 
gAnAral  nous  nous  sommes  imposes  des  spAcifications  comp 1 Amenta ires  contribuant  A  garantir  une  grande  sou- 
plesse  expArlmentale  : 

a)  pouvoir  effectuer  la  sAlection  des  informations  sur  la  base  de  critAres  Avolutifs. 

Par  exemple  : 

-  utiliser  divers  indices  de  distorsion, 

-  choisir  diffArentes  bandes  passantes  utiles, 

-  utiliser  certains  "AvAneoents"  sur  des  grandeurs  mesurAes  avec  d'une  fagon  genera  le  la  possibilitA  de 
changer  indivlduellement  tous  ces  paramAtres  dans  le  but  d 'avoir  l'Atude  la  plus  complAte  possible 
sur  la  base  d'un  m£me  essai.  II  est  clair  par  exemple  que  les  tranches  de  temps  sAlectionnAes  ne  se- 
ront  pas  les  mAmes  suivant  la  formulation  de  1’ indice  de  distorsion  choisi* 

b)  pouvoir  rejouer  la  totalitA  de  l'essai  afln  de  mettre  A  profit  les  facilitAs  offertes  par  les  possibi- 
1 it As  exposAes  ci-dessus  et  done  disposer  d'un  support  flable  couvrant  largement  la  gamme  de  frAquence 
choisie  avec  un  volume  de  stockage  suffisant  (autonomie)  et  une  prAcision  correcte. 

c)  donner  A  l'Ingenieur  d'essai  des  moyens  per formants  de  oonduite  de  l'essai  permettant  d'une  part  d'Aco- 
nomiser  les  durAes  d'essai  en  ne  testant  en  dAtalls  que  les  configurations  intAressantes  sur  le  plan 
aArodynamique  et  d 'autre  part  en  Avitant  de  maintenlr  longtemps  la  machine  dans  des  conditions  expArl- 
■en  tales  gAnAralement  dlfficiles  sur  le  plan  de  sa  tenue  sAcanique.  Cecl  nous  a  amenA  A  mettre  un  ac- 
oent  trAs  partioulier  sur  les  moyens  de  traitement  en  temps  rAel  en  recherchant  de  plus  pour  ceux-ci 
une  qualitA  identlque  A  oelle  des  dApoulllements  complets  qui  peuvent  Atre  faits  en  temps  dlffArA.  Une 
retombAe  Importante  de  ces  cholx  se  retrouve  dans  1'efficacitA  aocrue  qu'ils  entralnent  lors  de  la  pha¬ 
se  dApouillement  complet. 

d)  Atre  capable  d 'assurer  tous  les  types  d 'essais  qui  peuvent  Atre  rencontrAs  dans  la  raise  au  point  d'un 
matAriel  : 
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-  essais  d 'entree  d'air  en  aoufflerie  (essais  maquettes) 

-  essais  compresseurs  puls  moteurs  complets  (an  conditions  sol  ou  altitude) 

-  essais  sur  avions  en  vol 

Dans  ce  cadre,  sous  l'Agide  du  STPA  et  en  liaison  etroite  avec  la  Societe  AMD-BA,  la  SNECHA  et  l'ONERA  ont 
dAveloppe  des  systemes  compatibles  et  comp 1 Amenta ires.  II  s'aglt  d'une  part  d'un  systems  mobile  capable  de 
couvrir  l'eventaii  des  besoins  et  conqu  uniqueraent  pour  cette  application  et  d 'autre  part  de  systemes  de- 
diAs  aux  souffleries.  Ceux-ci  viennent  completer  les  chalnes  d 'acquisition  traditlonnelles  et  perraettent 
d'assurer  un  service  efficace  lorsque  le  systeme  mobile  eat  utilise  par  ailleurs  (cf  fig.1). 

II  faut  dAs  a  present  insister  sur  le  fait  que  tous  ces  dispositifs  font  largement  appel  aux  techniques 
numeriques. 


3  -  MESURES 

3. 1  ParamAtres  a  mesurer 

II  s'aglt  de  caracteriser  l'evolation  teoporelle  et  spatiale  du  champ  de  pression  totale  dans  le  plan 
frontiAre  qui  sApare  la  manche  d 'entree  d'air  du  compreaseur.  La  durAe  de  vie  des  phAnomAnes  aerodynami- 
ques  A  Atudier,  c'est-a-dire  ceux  qui  sont  susceptibles  d'entralner  des  variations  de  la  stability  de 
fonctionnement  de  la  machine  est  de  1’ordre  d'une  fraction  de  revolution  du  compreaseur.  Pratiquement  le 
diagnostic  est  fait  A  partir  de  1 'etude  de  la  variation  teaporelle  de  coefficients  dits  "coefficients  de 
distorsion"  qui  sont  caloulAs  a  partir  de  1 'ensemble  des  mesures  AlAmentaires  de  pression  totale.  Certains 
coefficients  intAressent  des  fractions  de  tour  (par  ex  DC60,  K8)  aussi  avons  nous  choisi  de  faire  des  ac¬ 
quisitions  Jusqu'A  une  frequence  utile  correspondent  A  4  fois  la  vitesse  de  rotation  du  moteur. 

Afln  de  mieux  comprendre  la  reponse  de  la  machine  aux  fluctuations  d'Acoulement  il  faut  egalement  acquArir 
les  signaux  provenant  d’un  certain  nombre  de  capteurs  dynamiques  disposes  Judicieusement  a  certains  empla¬ 
cements  dans  le  moteur. 

3.2  Peignes  de  mesure 

Les  signaux  a  tralter  sont  isaus  de  capteurs  de  pression  miniatures  montAs  sur  des  peignes  radlaux  compor- 
tant  chacun  plusieurs  capteurs  ainsi  que  les  equipements  annexes  (cablages,  tubes  amortisseurs  ...).  Les 
mesures  ont  AtA  standardises  A  8  peignes  de  5  capteurs  done  40  signaux  elAmentaires  distlncts. 

Ce  montage  garantit,  a  l'heure  actuelle,  un  bon  compromis  entre  la  facilitA  de  mesure,  une  obstruction  li- 
mitAe  de  l'Acoulement  et  une  description  correcte  des  distorsions  de  pression  totale  radiales  et  circonfe- 
ren tie lies. 

Suivant  les  applications  les  capteurs  sont  montAs  soit  directement  "en  pitots"  soit  intAgrAs  a  1'intArieur 
du  peigne  en  montage  A  membrane  affleurante  avec  dispositif  antirAsonnant . 

3.3  Capteurs 

Tous  les  calculs  A  effeetuer  portent  sur  les  valeurs  globales  de  pression  :  valeur  moyenne  et  valeur  fluc- 
tuantes  incluses.  Les  conditions  d 'envlronnement  (temperature)  pouvant  Atre  trAs  variables  selon  les  types 
d’essai  trois  systemes  de  capteurs  sont  utilisAs  pour  acquerir  en  partlculier  la  composante  continue.  Ceci 
conduit  done  A  des  princlpes  d 'acquisition  lagerement  diffArents  suivant  les  cas  d'essais. 

3.3.1  Essais  en  aoufflerie  (Achelle  maquette) 

L'ONERA  effectue  des  mesures  de  pressions  instationnaires  A  1'aide  de  peignes  AquipAs  de  capteurs  diffA- 
rentiels  KULITE  XQL093-5  de  diamAtre  2  mm  montAs  en  pitot.  Ces  capteurs  initialement  destlnAs  a  des  mesu¬ 
res  de  frAquences  et  d 'amplitude  crAte-crAte  prAsentalent  des  dArives  de  zAro  et  de  sensibilitA  qui  interdi- 
salent  de  faire  des  mesures  absolues.  Une  amAlioration  des  caractAristlques  mAcaniques  des  capteurs  par  la 
SoclAtA  KULITE  ainsi  que  le  dAveloppement  par  L'ONERA  de  mAthodes  de  compensation  des  effets  de  dArive 
thermique  ont  permis  de  crAer  une  gAnAration  de  capteurs  permettant  de  mesurer  la  valeur  absolue  de  la 
pression  avec  une  bande  passante  de  10  KHz. 


3.3*2  Essais  au  sol  ou  en  condition  d 'altitude  (compreaseur  ou  moteur  -  Achelle  1) 

Les  composantes  moyennes  et  fluctuantes  de  la  pression  sont  mesurAes  par  des  capteurs  distlncts  compte- 
tenu  de  la  trAs  grande  dynamique  qui  peut  etre  rencontrAe  sur  le  plan  thermique.  Les  capteurs  non  station- 
nalres  de  type  ENDEVCO  8507 -B  ou  8537-20  (0  membrane  2  mm)  sont  montAs  en  membrane  affleurante  avec  un 
systAae  antlr Asonnant .  Rappelons  que  dans  tous  les  cas  les  capteurs  sont  du  type  A  membrane  siliclum  A 
Jauges  diffusAes.  Pour  ce  qui  concerne  la  composante  continue  et  vu  que  les  essais  sont  tou Jours  pratiquAs 
en  conditions  de  fonctionnement  stabilisAes  (point  de  fonctionnement  et  configuration)  lea  valeurs  moyen¬ 
nes  de  pression  sont  acquises  par  un  capteur  unique  commute  pneumatiqueoent  (SCANIVALVE) . 


3.3*3  Essais  en  vol 

Bien  que  les  peignes  soient  identiques  A  ceux  du  cas  prAcAdent  la  mesure  de  la  pression  moyenne  est  falte 
lei  par  un  ensemble  de  40  capteurs  spAcifiques  montAs  A  1'extrAoitA  d'un  tube  d'amortissement  de  telle  fa- 
qon  que  la  bande  passante  soit  limit Ae  A  10  Hz  pour  cette  mesure.  Les  capteurs  de  pression  non  stationnai- 
res  sont  les  mAmes  que  dans  le  cas  prAcAdent. 

En  oonsAquence  pour  tous  les  essais  A  1* Achelle  1  il  faut,  au  niveau  calcul,  prooAder  pour  cheque  capteur 
et  A  la  frAquenoe  d 'acquisition  A  la  composition  des  deux  valeurs  moyenne  et  fluotuante. 
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4  -  hotem  spbcifique  poor  essai  eh  socfflerie 

4.1  Acquisition  et  enreglstrement  PCM  (Pulsed  Coded  Modulation)  (of  fig. 2) 

Compte  tenu  de  l'echelle  des  maquettes  d 'entree  d'air  (de  l'ordre  du  1/4)  et  de  la  duree  des  phenooenes 
utiles  qui  comme  nous  l'avons  vu  est  une  fraction  de  revolution  du  compresseur,  la  frequence  maximale 
d'interet  pour  ce  type  d'essai  est  de  l’ordre  de  2  KHz.  Ceci  conduit,  vu  la  dynamique  recherchee  et  la 
pente  des  filtres  utilises  a  une  frequence  d 'echantillonnage  de  8  KHz.  Dans  ces  conditions,  les  64  mesu- 
res  acquises  en  aynchronisae  repr6sentent  un  flux  d' Information  de  512  000  mots  par  seconde  avec  des 
points  d'essai  dont  la  duree  est  sup4rieure  a  30  secondes.  Cette  duree  est  Justifi4e  par  la  necessite  de 
bien  acquerir  des  distorsions  aleatoires  d 'amplitude  maximale. 

Dans  ces  conditions  seul  l'enregistrement  numerique  haute  densit4  (PCM)  autorise  tout  a  la  fois  la  pre¬ 
cision  recherchee  et  la  capacity  de  3tockage.  Telles  quelles  les  informations  stockees  sur  la  bande  PCM  ne 
3ont  pas  exploitables  instantan4ment  par  l'experimentateur  par  contre  le  suivi  de  certains  parametres  cal¬ 
culus  a  partir  de  la  totalite  des  valeurs  acquises  peut  peraettre  une  conduite  efficace  de  I'essai. 

L'ONERA  a  done  developpe  des  syst6mes  originaux  de  traiteraent  en  temps  quasi-reel  qui  ont  complete  les 
chatnes  d'acqui3ition  des  souffleries  pour  optioiser  le  deroulement  de  ce  type  d’essais-  Comme  parallfele- 
juent  la  totalite  de  1 'information  est  enregistree  sur  PCM  le  depouillement  complet  et  plus  d4taille  peut- 
etre  realise  en  differe  sur  la  ehalne  decrite  au  paragraphe  suivant. 


4.2  Suivi  en  temps  reel  des  distorsions  non  statlonnalres  (cf  fig. 3) 

Les  essais  en  soufflerie  sont  des  essais  importants,  longs  et  couteux  et  les  combinaisons  possibles  de 
configurations  a  essayer  peuvent  etre  innombrables .  II  est  done  tout  a  fait  impensable  de  conduire  un  tel 
essai  sans  disposer  de  resultats  en  temps  r4el  pour  valider  les  mesures  faites  et  orienter  la  suite  du 
programme.  L'ONERA  a  done  developpe  trois  outils  qui,  bien  que  fournissant  des  informations  partielles 
oais  travaillant  en  temps  quasi  reel  sont  essentielles  pour  la  conduite  des  essais. 


4.2.1  "Systeme  d'acqulsition  rapide"  (SAR)  (cf  fig.  4) 

Developpe  en  premier  le  SAR  permet  d 'acquerir  64  voles  analogiques  independantes  en  synchronisme  a  une 
frequence  d’ echantillonnage  de  20  KHz  par  vole  raais  pendant  un  temps  relativement  court.  Pratiquement , 
chaque  voie  dispose  d'un  convertisseur  analogique  numerique  12  bits  et  d'une  memoire  tampon  pouvant  con- 
tenir  un  maximum  de  256  valeurs  par  voie.  Lorsque  la  memoire  tampon  est  pleine,  1 'acquisition  s'arrete  et 
la  memoire  est  transferee  vers  l'ordinateur  principal  de  la  soufflerie  (VAX  782). 

Chaque  acquisition  simultanee  des  40  pressions  issues  du  peigne  constitue  une  "carte"  instantan4e.  L'ordi¬ 
nateur  VAX  782  calcule  ensuite  la  valeur  maximale  de  chacun  des  coefficients  de  distorsion  int4ressant  le 
aotoriste  sur  les  256  cartes  acquises.  La  cadence  d'acqulsition  cholsie  dans  de  nombreux  cas  est  de  4  KHz, 
les  memoirea  tampons  sont  done  remplies  au  bout  de  64  ms  et  il  faut  1  seconde  pour  effectuer  le  transfert 
vers  le  VAX  782  et  autoriser  de  nouveau  le  SAR  a  faire  des  acquisitions.  II  en  resulte  que  le  temps  d'ob- 
servation  du  signal  est  faible  par  rapport  au  temps  total  or  des  analyses  statistiques  ont  montre  que  plu- 
sieurs  milliers  de  cartes  seraient  necessaires  pour  decrire  le  phenomene  de  distorsion  instationnaire  (fi¬ 
gures  5  et  6). II  est  done  envisageable  d'operer  ainsi  uniquement  lors  d 'essais  de  recherche  limites  en  du¬ 
ree  mais  e'est  tout  a  fait  exclu  pour  explorer  tout  le  domaine  de  vol  d'un  avion.  Le  SAR  permet  en  fait 
d'obtenlr  en  temps  reel  une  information  condensee  sur  les  phenomenes  non  stationnaires  mais  le  caractere 
aleatoire  des  prelevements  fait  que  cette  information  est  insuffisante  pour  operer  un  tri  rapide  parmi  des 
configurations  differentes  presentant  des  caract4ristiques  assez  proches.  C’est  pourquol  l'ONERA  a  deve¬ 
loppe  un  nouveau  systeme  qui  associe  au  SAR  repond  au  probleme  pose  de  faqon  plus  complete. 


4.2.2  Le  calculateur  analogique  K6  (cf  fig. 7) 

Le  probleme  k  r4soudre  etait  de  trouver  un  systeme  de  tri  s4lectionnant  les  signaux  a  des  frequences  trfes 
elevees.  Comme  k  oette  epoque  seul  le  coefficient  de  distorsion  KG  4tait  d'un  lnt4ret  majeur,  la  solution 
analogique  est  apparue  la  oieux  adaptee.  Le  calculateur  4tudle  cooprend  deux  parties  : 

-  un  chassis  conditionneur  qui  convertlt  les  signaux  issus  des  capteurs  en  tensions  directeoent  repr4sen- 
tatives  des  pressions  mesurees-  Le  reglage  de  ce  chassis  et  les  v4rifications  sont  automatiques  et  sont 
ger4s  par  une  logique  k  oicroprocesseurs. 

-  un  chassis  de  calcul  qui  admet  k  son  entr4e  40  signaux  calibres  et  d4livre  en  sortie  une  tension  propor- 
tionnelle  au  coefficient  KG.  La  bande  passante  du  calculateur  eat  de  10  KHz  avec  une  precision  meilleure 
que  1  %.  Cette  sortie  est  g4n4ralement  connect©®  k  une  entr4e  du  SAR. 

Deux  dispositifs  annexes  ont  4t4  associ4s  au  calculateur  KG  : 

-  un  comparateur  a  seuil  qui  genere  un  topage ,  lorsque  la  tension  de  sortie  du  calculateur  devient  sup4- 
rieure  a  une  tension  pr4d4terminee.  La  tension  de  seuil  peut-4tre  r4gl4e  de  dlverses  faqons  ;  soit  fix4e 
soit  4labor4e  par  un  ordinateur,  soit  inor4ment4e  automat lquement  en  fonction  de  la  valeur  du  KG  analo¬ 
gique. 

-  un  chassis  de  d4termination  du  KG  maximum.  Ce  dlsposittf  conserve  en  m4noire  la  valeur  maximale  du  KG 
Jusqu'4  oe  qu'un  ordre  de  remise  k  z4ro  provienne  de  l'ordinateur  de  la  soufflerie. 

Cet  ensemble  a  donn4  toute  satisfaction  mais  k  la  suite  du  d4veloppement  du  calculateur  KG  de  nouveaux  be- 
soina  sont  apparus  :  en  particulier  la  n4oeasit4  de  calculer  d'autrea  coefficients  de  distorsion  (IDC, 

IDR,  AP/P  ...).  C'est  pourquol  L'ONERA  a  d4velopp4  un  caloulateur  de  diatorsiona  appel4  "oalculateur  CTR". 
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4.2.3  Le  calcuiateur  "CTR"  (cf  fig. 8) 

Contrairement  au  calcuiateur  precedent  et  afin  de  posseder  une  grande  souplesse  de  programmation  une  solu¬ 
tion  k  base  de  mlcroproceaseurs  a  et4  retenue.  Le  calcuiateur  "CTR"  travallle  a  partlr  des  tensions  norma¬ 
lises  Issues  du  chassis  conditionneur  d6crit  au  paragraphs  precedent  et  est  compose  : 

-  d'un  chfissis  de  filtrage  numerique  par  moyenne  glissante. 

-  d'un  chfissis  d ’acquisition  compose  de  plusieurs  microprocesseurs  travaillant  en  parallele.  Les  calculs 
de  diff4rents  coefficients  y  sont  realises  (IDC,  IDR  •••),  le  d4bit  dans  la  manche  est  egalement  calcu¬ 
li.  Ce  chassis  poss4de  une  m4moire  circulante  et  sur  un  top  de  d4clenchement  il  est  possible  de  conser- 
ver  dans  cette  memo ire  les  cartes  entourant  1' instant  choisl.  Deux  o&noires  travaillant  alternativement 
peraettent  de  prendre  en  compte  plusieurs  tops  successifs. 

-  d'un  chassis  de  contrSle  qui  assure  les  fonctions  suivantes  :  prise  en  compte  des  coefficients  lssus  du 
chassis  d'acquisition  ;  une  visualisation  sur  4cran  graphique  de  coefficients  ;  gestion  du  blocage  de  la 
mimoire  circulante  ;  detection  de  maximum  de  certains  coefficients  avec  generation  de  tops  ;  pilotage  du 
chSssis  de  filtrage  ;  liaison  avec  l'ordlnateur  VAX  782.  De  plus  ce  chassis  peut  etre  connecte  avec 

1 'enregistreur  PCM  en  mode  relecture. 

La  bande  passante  de  ce  calcuiateur  est  de  4  KHz  avec  sa  precision  de  ♦  1  %. 


4.3  Procedure  d'essai 

Afin  d'utlliser  au  mieux  le  temps  de  fonctionnement  de  la  soufflerie  deux  procedures  sont  utilisees  : 


4.3.1  Balayage  d'un  parametre 

Lors  de  la  variation  continue  d'un  parametre  (incidence  de  la  maquette,  derapage,  debit  etc  . ..),  les  ac¬ 
quisitions  sont  faites  sulvant  deux  methodes  : 

-  d6clenchement  en  parallele  du  SAR  et  du  calcuiateur  K0  par  une  horloge. 

-  declenchement  du  SAR  par  le  signal  depassement  de  seuil  du  calcuiateur  K6. 

Ces  balayages  peraettent  d'explorer  rapidement  une  configuration. 


4.3.2  Points  stabilises 

Tous  les  param&tres  d'essais  etant  fixes,  des  enregistrements  PCM  de  30  s  environ  sont  effectues.  En  pa¬ 
rallels  le  SAR  et  le  calcuiateur  K0  sont  utilises  pour  obtenir  en  temps  quasi  r4el  les  maxima  de  distor- 
sion  rencontres. 

De  plus  pour  acc4l erer  encore  les  procedures  d’essai  la  SNECMA  peut  venir  connecter  le  systeme  CATI  qui 
sera  present^  au  chapitre  5  sur  les  ohalnes  d'acquisition  soufflerie.  Cette  procedure  permet  alors  1 'ana¬ 
lyse  rapide  la  plus  detaillee  des  resultats  concernant  cheque  configuration  testee. 


4.4  Presentation  de  quelquea  resultats 

4.4.1  D6clenchement  du  SAR  sur  depassement  du  seuil 

La  figure  9  presente  les  resultats  d'une  succession  de  d4clencheoents  SAR  lors  d'un  point  stabilise.  Les 
declenchement s  sont  obtenus  par  depassement  d'un  seuil  asservi  a  la  valeur  issue  du  calcuiateur  K0  analo- 
gique.  Oi  constate  le  bon  accord  entre  les  valeurs  de  l'indice  K9  calcule  a  partir  des  acquisitions  SAR  et 
celles  fournles  par  le  calcuiateur  analogique. 


4.4.2  Comparalson  des  valeurs  de  coefficients  de  dlstorslons  obtenues  par  dlff4rents  proc4des 

Sur  la  figure  9  sont  representees  les  valeurs  K9  en  fonction  de  1’ incidence  a erodyn antique  de  la  maquette  : 

-  la  valeur  statlonnaire  de  K9  acquise  par  la  chains  standard  de  la  soufflerie  (frequence  de  coupure  1 
Hz). 

-  la  valeur  maxlmale  de  chaque  paquet  256  cartes  SAR,  celui-ci  4tant  declench  4  par  une  horloge  chaque  se¬ 
conds. 

-  la  valeur  maximale  enregistr4e  par  le  chassis  "K©  maximum"  pendant  un  temps  d'une  seconds. 

-  pour  une  incidence  la  valeur  maxlmale  enregistr’6e  par  le  chfissis  "K9  maximum"  au  cours  d'un  point  stabi¬ 
lise  de  30  s. 

-  pour  cette  m£me  incidence  la  valeur  maxlmale  enregistr4e  lors  de  20  d4clenchements  SAR  de  40  cartes,  les 
d4clenchement s  etant  manuels  a 'est  k  dire  alfatoires. 

Ot  oonstate  que  le  SAR  utilise  seul  au  oours  d'une  polaire  donne  un  resultat  assez  eloigne  de  ce  que  donne 
le  calcuiateur  K0  analogique.  Par  oontre  1 'observation  pendant  30  a  aveo  des  conditions  stables  est  ioi 
tout  k  fbit  justifies  et  ne  fournit  pas  des  valeurs  trop  eiolgnees  de  la  valeur  K0  analogique  obtenue  en 
polaire  (cf  fig. 10).  (ki  montre  egalement  ici  que  des  d4clsnoheaanta  alAatolres  du  SAR  sur  600  cartes  don- 
nent  un  niveau  de  dlstorsion  assez  eioigne  de  la  valeur  obtenue  sur  30  s  par  le  oalculateur  analogique. 

Cet  ensemble  d 'observations  oonflrme  bien  qu'il  faut  proceder  k  un  examen  comp let  des  slgnaux  et  que  le 
traitement  ne  doit  n4gliger  auoun  echantlllon  si  l'on  ne  veut  pas  courir  le  risque  de  ne  pas  dlteoter  les 
dlstorslons  extremes  qui  sont  finalement  les  seules  a4rodynamiquement  utiles. 


5  -  MOTEM  Dg  TRAITEHENT  GENERAL 

Ce  systeme  appele  CATI  pour  Chalne  d' Ana  lyse  et  de  Traltement  de  1 1  Instat ionnaire  couvre  la  totalite  du 
domain©  experimental  cite  ci-dessus.  Cette  chalne  developpee  par  la  SNECMA  depuis  1979  est  pleineoent 
operationnelle  depuis  1982. 

5.1  Architecture  et  possibility  (cf  fig. 11) 

La  chalne  s'artieule  autour  de  deux  grands  ensembles  : 

-  un  systeme  d 'acquisition-numerlsation  et  stockage  des  donnees  utilisant  la  technique  d ’enregistrement 
PCM. 

•  une  unite  de  calcul  et  de  visualisation  des  resultats  dont  le  coeur  est  un  caleulateur  vectoriel. 

L'ensemble  e3t  installe  dans  une  remorque  routiere  climatisee  qui  assure  toutes  les  servitudes  necessai- 
res  et  permet  le  raccordement  sur  tout  site  d'essai.  De  plus  la  partie  acquisition  et  stockage,  realisee 
en  version  embarquable,  peut  etre  dissociee  et  embarquee  sur  un  avion  d'armes. 


5.1.1  Acquisition  et  sotckage  (cf  fig. 12) 

Cet  ensemble  comprend  : 

a)  Un  petit  caleulateur  d 'acquisition  qui  permet  1 'entree  des  donnees  genera les  de  l'essai  et  1 'ensemble 
du  paraoetrage.  Ce  caleulateur  gere  aussi  1 'acquisition  des  donnees  dites  lentes  :  cooposantes  moyennes 
des  pressions  relevees  sur  Scanivalve  en  particulier  ainsi  que  les  liaisons  avec  des  systemes  exte- 
rieurs  de  r°leve  des  parametres  aerothermodynami ques  de  fonctionnement  de  la  machine.  Finaleraent  ce 
caleulateur  assure  la  transmission  de  toutes  ces  donnees  a  la  cadence  necessitee  pa,*  le  dispositif 

d 'enregistrement  PCM. 

b)  Un  generateur  de  temps  IRIG  synchronisable  sur  un  signal  exterieur  qui  permettra  : 

-  de  melanger  «le3  informations  de  temps  (sous  forme  numerique)  avec  des  valeurs  mesurees. 

-  d 'enregistrer  le  temps  sous  forme  analogique  pour  rechercher  par  la  suite  automat! que men t  le3  points 
a  analyser. 

c)  Un  groupe  de  64  conditionneurs  embarquables  permettant  d’alimenter  les  capteurs  et  d’amplifier  les  3i- 
gnaux  issus  des  capteurs  dynamiques. 

Ces  conditionneurs  comportent  ega  lenient  : 

-  des  filtres  antlrepliements  pilotes 

.  des  echantillonneurs-bloqueurs  sur  chaque  voie. 

d)  Un  ensemble  KAYSER  de  numerisation  et  de  mise  en  forme  PCM. 

Ce  systeme  assure  la  numerisation  sur  10  bits  de  64  canaux,  en  fonctlon  d'une  horloge  exterieure  deri- 
vee  de  la  Vitesse  de  rotation  de  la  machine.  II  assure  le  pilotage  correct  des  filtres  antirep lieroents , 
le  melange  des  informations  de  temps  et  des  mesures  stationnaires . 

e)  Un  enregistreur  embarquable  14  pistes  utilise  en  mode  direct  a  une  vitesse  comprise  entre  30  et  120  ips 
sulvant  la  bande  passante  souhaltee. 

f)  Un  systeme  de  surveillance  pouvant  se  connecter  avant  ou  apres  1 'enregistrement  afin  de  visualiser  ra- 
pideoent  le  comportement  des  slgnaux  de  tous  les  capteurs  et  de  valider  globalement  les  signaux  mesu¬ 
res  . 


5.J.2  Calcul  et  visualisation 

Cette  partie  se  compose  principalement  d'un  caleulateur  vectoriel  (AP120B  de  la  Soclete  FPS  -  puissance 
12  Mflops  equipe  de  32  X  memolre)  dont  le  role  en  temps  reel  est  : 

-  de  transformer  les  valeurs  mesurees  en  unites  physiques, 

-  de  remplacer  les  valeurs  delivrees  par  des  capteurs  identifies  corame  defectueux  par  des  mesures  extrapo^ 
lees  de  celles  fournies  par  les  capteurs  adjacent®, 

-  d'effectuer  un  filtrage  numerique  a  la  frequence  desiree  sur  tous  les  capteurs. 

-  de  falre  tous  les  calculs  d 'indices  de  dlstorsion, 

-  de  relever  les  maxima  d' indices  depassant  un  seuil  fixe  et  leur  instant  d ’occurrence . 

Ce  caleulateur  vectoriel  est  gere  par  un  caleulateur  d'usage  general  (HP-16  bits)  dote  d'un  systeme  d'ex- 
ploitation  temps  reel.  Ce  dernier  permet  d 'assurer  le  dialogue  avec  l'operateur  et  les  sorties  de  resul¬ 
tats  sur 

-  ecran  k  balayage  cavalier  ou  video  couleur 

-  trace  sur  papier  per  traceur  electrostat ique 

-  derouleur  de  bande  numerique  pour  envoi  des  resultats  a  un  gros  centre  de  calculs  (constitution  d'une 
base  de  donnees) 

Ceci  permet  en  particulier  d'entrer  des  donnees  experiments les  dans  des  modeles  de  calculs  th6oriques 
developprfs  par  allleura  k  la  SNECMA • 

II  gere  ^element  une  unite  de  recherche  autooatique  de  temps  au  standard  IRIG  A  ouB  qui  permet  de  retrou- 
ver  comaod^ment,  en  temps  differs,  les  instants  int4ressants  releves  en  temps  reel. 
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5-2  Performances  et  resultats 

5.2.1  Le  systeme  d 'enregistrement  PCM  haute  densite  est  capable  de  traiter  64  voles  dynamiques  (il  peut 
etre  etendu  Jusqu'i  128). 

La  nua^rlsation  ae  fait  aur  10  bit3  avec  une  extension  possible  a  12  bits.  La  cadence  d 'enregistrement  ma¬ 
ximale  est  de  10  Mbits/s  ou  1  M  nots/sec,  avec  une  autonomie  de  20  minutes.  Ceci  represente  une  capaclte 
d 'environ  1,2  G  mots  ou  2,4  G  octets. 

Les  cadences  de  nuoerisation  par  voie  generalement  utilisees  par  la  SNECMA  sont  : 

-  pour  les  essais  en  soufflerie  (maquette)  de  8  a  16  KHz  par  voie  (6,4  voies) 

-  pour  les  essais  au  301  (echelle  1)  de  2  a  4  Khz  par  voie  (64  voies) 

Cette  valeur  correspond  a  16  fois  la  vitesse  de  rotation  de  la  machine  en  e3sai  raais  il  ne  faut  pas  ou- 
blier  que  les  bandes  passantes  mesurees  sont  4  fois  plus  faibles. 


5.2.2  Le  systeme  de  calcul  et  de  visualisation  nous  peroet  de  plus  a  la  SNECMA  : 

a)  le  filtrage  et  la  reevaluation  des  capteurs  defectueux, 

b)  le  calcul  3imultane  de  6  indices  de  distorsion  en  temps  reel  pour  les  essais  au  sol  (a  4  KHz  par  voie) 
IX  -  IDR  -  K0  ...  (of  par  ex  fig.  13  le  calcul  de  1* indice  K0) , 

c)  le  calcul  en  temps  reels  en  soufflerie  (8  KHz)  de  deux  indices  avec  presentation  immediate  des  resul- 
tats  sous  forme  de  nuages  dans  un  diagramme  caracteristique  (cf  fig.  14), 

d)  la  possibilite  de  changer  plusieurs  fois  par  Jour  le  jeu  d'indices  calcules  sans  necessiter  de  nouvel 
investissement . 

Ces  performances  ont  ete  atteintes  car  le  logiciel  temps  reel  ainsi  qu'une  grande  partle  du  logiciel  temps 
differe  ont  ete  ecrits  en  langages  machine  et  ont  permis  de  profiter  de  la  pleine  puissance  du  processeur 
vectoriel  (12  Mflops).  Il  faut  souligner  que  ce  logiciel  developpe  par  LEUVEN  MEASUREMENT  SYSTEM  represen¬ 
te  environ  4  000  llgnes  de  langage  asserableur. 

Il  est  ainsi  possible  de  presenter  les  resultats  sous  des  formes  extremement  diverses  et  ceci  a  volonte 
uniquement  dans  les  periodes  aerodynaniquement  interessantes  (cf  fig. 15  a  18)  : 

-  cartes  temporelles  d'indices  ou  de  pressions  individuel les , 

-  cartes  isopress  ions  moyennes  ou  non  stationnaires, 

-  cartes  d  ’  isoturbulence  , 

-  analyses  spectrales, 

-  statistiques  d 'extremums .. . 

En  pratique  la  variete  des  resultats  n'est  plus  limitee  par  ’e  logiciel  developpe  en  langage  de  haut  ni¬ 
veau.  C'est  aussi  ici,  que  le  choix  par  la  SNECMA,  d'un  processeur  vectoriel  s'avere  judlcieux  lorsque 
l’on  salt  la  performance  de  ce  type  de  calculateur  pour  tout  :*  qul  Louche  au  traitement  du  signal. 


6  -  CONCLUSION 

Cette  presentation  avait  pour  but  de  montrer  1' importance  et  la  variete  des  moyens  qui  doivent  etre  mis  en 
oeuvre  pour  traiter  les  etudes  experimentales  en  matiere  d 'aerodynamique  non-stationnaire.  Elle  a  permis 
de  voir  comment  les  techniques  les  plus  evoluees  de  codage -enregistrement  (numerique  haute  densite)  et  de 
traitement  (calculs  numeriques  -  processeurs  vectoriels)  pouvaient  etre  associes  pour  arriver  a  1 'objec- 
tif  :  faire  et  exploiter  des  campagnes  d 'essais  complexes  dans  des  delais  tres  courts.  Il  ressort  egale- 
ment  que  1 'adaptability  des  moyens  doit  etre  une  preoccupation  essentlelle  :  il  faut  que  l'activite  expe- 
rimentale  puisse  suivre  en  permanence  1 'evolution  de  la  formulation  theorique  de3  phenomenes.  Dans  ce  but 
1 'experimentateur  utilisant  des  technologies  numeriques  aura  la  possibilite  de  pouvoir  faire  evoluer  ses 
moyens  au  moindre  cout .  Sur  un  plan  plus  general,  nous  pensons  aussi  que  1 'architecture  choisie  prefigure 
celle  des  systemes  d 'acquisition  et  traitement  qui  seront  couramment  necessaires  a  l'avenir  pour  la  ges- 
tlon  des  informations  dynamiques  de  toutes  natures. 
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DISCUSSION 


G.C.Oates,  US 

( 1 )  On  the  case  of  the  coefficient  K8,  data  processing  is  aided  greatly  when  the  rakes  are  distributed  equally.  D«>cs  the 
use  of  equally  spaced  rakes  in  flight  hardware  lead  to  compromizes  regarding  upstream  wakes... 

(2)  In  the  same  way,  when  a  probe  is  damaged,  is  its  “effective”  signal  reconstructed  from  the  readings  of  adjacent 
probes? 

Author's  Reply 

( 1 )  Our  software  is  designed  to  handle  the  case  of  equally  spaced  rakes  by  reconstructing  signals  at  the  positions  the 
rakes  should  be.  This  achieved  by  the  same  re-evaluation  method  used  to  replace  false  sensor  during  normal  test 

Our  experience  is  that  wc  never  had  problems  with  equally  spaced  probes  in  flight  conditions 

(2)  The  re-evaluation  of  false  transducers  is  effectively  done  by  interpolation  from  values  given  at  the  same  instant  b> 
adjacent  sensors. 


D. Davidson,  UK 

We«  e  the  plots  of  fig.  1 5  &  16  obtained  on  line  or  off-line  please? 

Reponse  d'Auteur 

Ces  traces  sont  effectucs  en  temps  differe  car  ils  sont  relate  ement  longs.  Hit  temps  reel,  on  cherche  surtout.  par  le  calcul 
des  coefficients,  a  trouver  les  instants  oil  les  cartes  tracers  seronl  les  plus  intcrcssantcs  sur  le  plan  aerodv  namique. 


D. Davidson,  UK 

Could  you  please  elaborate  on  the  slide  that  you  showed  of  the  sensor  array.  What  is  its  size  and  physical  arrangement? 

Author's  Reply 

The  diameter  of  the  sensor  array  is  under  1 0  cm.  It  is  located  on  the  scale  model  of  the  aircraft  at  the  end  of  air  inlet,  at 
the  place  the  engine  should  be. 


J.Fabri,  FR 

Vous  avez  montre  le  point  do  vuc  de  rexperimenteur  qui  met  en  evidence  lexistonce  dc  poinics  de  distortion  de  ires 
court  duree.  Est-cc  que  de  telles  poinics  ont  un  effet  sur  le  fonctionnement  du  comprcsseur? 

Reponse  d'Auteur 

De  telles  pointes  peuvent  avoir  un  effet  sur  le  comprcsseur,  leur  duree  etant  en  relation  avec  une  fraction  dc  rotation  de 
celui-ci. 

Lors  des  etudes  sur  maquettes,  les durees significalivcs  sont  egalement  a  IceheUe  de  la  maquette. 
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DEVELOPMENTS  IN  DATA  ACQUISITION  AND  PROCESSING  USING  AN 
ADVANCED  COMBUSTION  RESEARCH  FACILITY 


J.  B.  Bullard,  F.  S.  E.  Whitcher  and  R.  V.  Steeden 
Royal  Aircraft  Establishment,  Pyestock,  Farnborough,  Hants  GU14  OLS  UK 


SUMMARY  ' 

y' 

A  new  combustion  rig  is  described  which  is  designed  to  acquire  rapid  and  detailed 
information  on  the  combustion  processes  occurring  within  a  sector  of  larqe  annular  gas 
turbine  combustors  operating  over  a  range  of  inlet  pressures  and  temperatures  representa¬ 
tive  of  engine  conditions.  Gas  samples  are  extracted  using  a  probe  positioned  within  the 
volume  under  examination  and  transferred  to  a  system  designed  to  perform  analyses  with  a 
point-to-point  cycle  time  of  less  than  30  seconds.  A  computer  is  used  to  control  and 
synchronise  the  probe  positioning  and  gas  analysis  function  and  to  present  co-ordinated 
results  to  rig  controllers.  The  system  is  capable  of  automatic  traversing  within  a  pre¬ 
scribed  volume  or  of  control  by  a  dummy  traverse  gear  which  permits  tracing  of  air  and 
fuel  flows. 

The  Paper  outlines  the  main  features  of  the  rig,  together  with  the  types  of  instru¬ 
mentation,  the  methods  and  range  of  operation  used  and  anticipated.  Some  of  the  more 
unusual  items  are  highlighted.  , 


t  INTRODUCTION 

The  military  and  commercial  operational  pressures  to  advance  qas  turbine  technology 
continue  unabated.  The  demand  for  increased  thrust  output  while  striving  for  economies 
in  fuel  consumption  is  steadily  pushing  up  engine  cycle  pressures  and  temperatures.  The 
resulting  conflict  with  the  need  to  achieve  improved  reliability  and  longer  life  Is 
obvious.  Careful  design  and  persistent  development  are  therefore  necessary  to  evolve 
engine  components  that  together  attempt  to  satify  these  requirements. 

The  need  to  advance  combustion  technology  is  no  exception.  A  combustion  chamber 
must  control  the  passage  of  high  pressure  air  from  the  compressor  to  the  turbine  with 
minimum  pressure  loss,  inject,  vaporise  and  mix  varying  quantifies  of  fuel  with  part  of 
the  air  and  then  burn  the  resulting  fuel/air  mixture  efficiently  and  cleanly  over  a  wide 
range  of  pressure  and  temperatures,  presenting  to  the  turbine  hot  qas  havinq  an  acceptable 
temperature  distribution.  Such  air  that  is  not  used  in  the  combustion  process  is  crucial 
for  maintaining  the  metal  walls  at  acceptable  temperatures  to  achieve  adequate  life  and 
mechanical  integrity. 

Current  designs  of  combustion  chambers  for  gas  turbine  engines  are  based  mainly  on 
a  combination  of  experiment  and  experience  using  well  established  empirical  correlations 
and  design  rules.  A  new  design  is  constructed  and  tested,  but  Invariably  shortfalls  in 
performance  or  other  problems  are  encountered  and  a  period  of  dedicated  development  is 
necessary.  Development  generally  proceeds  on  a  tea t /observa t lun/modi f icat ton  basis, 
often  referred  to  as  ’cut  and  try’,  ie  the  combustion  chamber  shape  is  altered  or  the  air 
entry  holes  are  moved  or  varied  in  size,  and  then  the  chamber  is  retested.  in  this  cycle 
observations  of  combustion  chamber  characteristics  and  performance  are  usually  based  on 
turbine  entry  plane  measurements.  The  exception  is,  of  course,  the  thermal  integrity 
the  chamber  itself  which  is  assessed  using  thermally  sensitive  paints  t<  identify  hot 
spots . 

A  major  shortcoming  of  this  approach  is  that  diagnosis  of  aerodynamic  and  combustion 
problems  occurring  within  the  primary  zone  of  the  combustor  is  dependent  upon  analysis  -in.i 
interpretation  of  data  measured  some  JO  to  40  cm  downstream  r'r  the  event.  Not  surpris¬ 
ingly,  the  process  of  development  using  these  techniques  is  slow  and  expensive  and  a  better 
method  of  diagnosing  the  cause  of  performance  shortfalls  and  problems  is  required. 

In  recent  years  research  programmes  at  Royal  Aircraft  Establishment  (RAE),  Pyestock 
have  developed  and  refined  techniques  for  exploring  in  detail  the  Internal  characteristics 
of  combustion  chambers.  So  far  the  work  has  concentrated  on  model  chambers1  but  the  prin¬ 
ciples  are  applicable  to  full-scale  research  and  development  combustors.  The  time  is 
right  for  this  to  be  put  into  practice  and  this  Paper  describes  a  rig  (known  as  the  Sector 
Combustion  Rig  (SCR)),  which  is  to  play  a  vital  role  in  the  contribution  being  made  by  the 
RAE  to  the  advancement  of  aero  engine  combustion  technology. 

2  THE  RAE  SECTOR  COMBUSTION  RIG 

The  (Min  feature  of  the  rig  is  its  versatile,  internal  traversing  probe.  This 
enables  detailed  measurements  of  the  composition  of  the  reacting  gases  to  be  made  through¬ 
out  the  volume  defined  by  a  sector  of  a  fully  annular  combustion  chamber  from  the  priswry 
zone  to  Ita  exit  plane,  a  comprehensive,  computer-controlled  gas  analysis  system  permits 
measurement  of  local  fuel/air  ratio,  carbon  monoxide,  carbon  dioxide,  oxides  of  nitrogen, 
total  hydrocarbon,  oxgen,  hydrogen  and  smoke.  It  also  has  the  facility  for  sionitorinq 
tracer  gases  such  as  helium. 


22-2 


The  rig  has  been  installed  and  is  currently  being  commissioned.  Assembly  of  the 
computer-controlled  data  acquisition  and  analysis  system  is  complete  and  commissioning 
is  proceeding  on  a  phased  basis. 


2.1  Range  of  operation 

The  first  build  of  the  SCR  is  capable  of  operating  with  air  inlet  temperatures  up 
to  920  K  and  at  pressures  up  to  10  atm.  Experience  has  shown  that  full  pressure  engine 
conditions  can  be  sensibly  and  economically  simulated  by  testing  at  the  true  air  tempera¬ 
ture  but  at  a  lower  rig  pressure  providing  the  mass  flow  is  adjusted  accordingly  to  main¬ 
tain  the  correct  inlet  Mach  number  and  providing  the  pressure  level  is  high  enough  to 
ensure  a  fully  developed  spray  pattern  and  representative  combustion  chemistry.  Pressures 
of  at  least  10  atm  have  been  shown  to  be  adequate  for  most  research  and  development 
purposes . 


The  maximum  air  mass  flow  (AMF)  was  determined  from  considerations  of  entry  Mach 
number  and  the  largest  size  of  combustion  chamber  to  be  tested  in  the  rig;  the  value  is 
11.4  kg/s  (25  lb/s).  This  value  approximates  to  that  required  by  an  80°  sector  of  a 
modern  large  civil  turbofan  engine  and  typically  allows  four  complete  burner  sectors  to  be 
tested . 


Blet't;  flows  to  simulate  turbine  cooling  flows,  etc  may  also  be  necessary  if  airflow 
distribution  around  the  combustor  flame  tube  is  to  correctly  simulate  an  engine  installation 
and  allow  examination  of  their  influence  on  combustor  exit  conditions.  Four  separate 
bleed  lines  (inner  and  outer  diameter  at  entry  and  exit)  have  been  installed,  each  capable 
of  takinq  a  flow  of  up  to  10X  of  the  main  stream  AMF. 

The  exhaust  system  is  designed  to  withstand  gas  temperatures  up  to  1750  K  at  the 
maximum  operating  condition  without  using  water  injection  sprays. 

2.2  Mechanical  arrangement 

The  main  features  of  the  SCR  are  shown  in  Figs  1  and  2.  Air  is  supplied  from  a  plant 
compressor  via  a  non-vitiating  heater  to  the  SCR.  The  hot  pressurised  air  enters  from  the 
plant  pipework  through  a  circular  inlet  section  which  contains  a  honeycomb  flow  straigh- 
tener  and  a  water-cooled  bursting  disc;  this  protects  the  rig  against  accidental  over- 
pressurisat ion  as  the  plant  air  supply  Is  capable  of  16  atm  compared  with  the  present 
10  atm  capability  of  the  rig.  An  entry  section  converts  the  flow  from  circular  to  a  sector 
cross-section  to  suit  the  combustion  chamber  sector  on  test.  The  pressure  profiles 
expected  at  compressor  exit  can  be  simulated  by  means  of  profile  generators  thus  ensuring 
that  diffuser  operation,  bleed  flows  and  wail  cooling  are  correctly  simulated. 

The  combustor  sector  on  test  is  contained  within  a  pressure  casing  and  the  four 
bleed  flows  are  removed  through  this  casing.  An  adaptor  plate  with  a  sector-shaped  exit 
Is  used  to  direct  the  hot  exhaust  gases  through  a  dummy  nozzle  into  the  exhaust  drum 
(Fig  3).  The  exhaust  drum  carries  a  mounting  plate  which  in  turn  carries  the  tr&.  rse 
gear,  used  to  position  the  sampling  probe  within  the  combustor  sector.  The  main  exhaust 
(Fig  1)  then  passes  from  the  bottom  of  the  exhaust  drum  via  ducting  containing  averaging 
sampling  rakes  to  the  back  pressurising  exhaust  valve.  A  water  spray  ring  and  thrust  dif¬ 
fuser  cone  lead  to  the  main  exhaust  system  and  extraction  fan.  Flows  through  the  four 
bleed  lines  pass  through  separate  control  valves  before  being  manifolded  and  dumped  into 
the  main  exhaust  system. 

Provision  has  been  made  to  remove  a  section  of  horizontal  main  exhaust  duct  to  per¬ 
mit  the  exhaust  drum  to  be  moved  rearwards.  This  will  allow  the  insertion  of  a  flange 
carrying  special  instrumentation  immediately  downstream  of  the  adaptor  plate. 

Detailed  mechanical  design  and  manufacture  followed  by  proof  build  and  test  of  the 
rig  was  undertaken  by  Lucas  Aerospace  Ltd,  Fabrications  Division  to  RAE  specifications. 

Gas  analysis  instrumental  ion  was  designed  in-house  or  modified  from  commercial  apparatus 
to  handle  samples  ranging  from  1 100X'  air  to  ’ 100X'  fuel. 

2.3  Pig  measurements 

The  main  air  supply  to  the  rig  is  measured  after  compression,  but  before  heatinq, 
by  a  vortex-shedding  meter.  This  type  of  meter  is  able  to  measure  a  much  wider  range  of 
flows  than  an  orifice  plate,  but  this  device  cannot  withstand  the  high  air  temperatures 
downstream  of  the  heater.  The  bleed  lines,  however,  use  orifice  plates  for  AMF  measure- 
mt‘r'  *■  *  ’  r>ce  they  ar*»  passing  hnf  *ir. 

^  Two  small  (less  than  0.5Z  of  the  main  strea;..  flow)  air  supplies  au  used  for  cooling 

and  sealing  of  the  traverse  gear  ball  pivot  (section  3.2).  These  supplies  are  taken  from 
i  f  1. *-•  main  air  supply  before  the  metering  section,  controlled,  measured  and  then  fed  *-«>  the 

*  raver se  gear. 


F-.ie)  ip  supplied  t-p  *-p?t  cottbus  t  or  through,  two  systems  "  • 1  1  y  pilot  and  main. 

The  two  systems  can  be  used  separately  or  in  parallel,  thus  cov  ng  a  wide  range  of  fuel 
flows  from  0.0005  to  0.27  i/s  (0.36  to  210  gal/h) .  Fuel  flows  are  measured  using  Pelton 
wheel  type  meters.  A  range  of  fuel  types  can  be  supplied  by  the  plant  system,  enabling 
combustion  of  alternative  fuels  to  be  evaluated. 

The  air  and  fuel  pressures  and  temperatures  are  measured  by  transducers  and  thermo¬ 
couples  positioned  at  appropriate  points  in  the  pipework. 


* 
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3  INSTRUMENTATION 

3.1  General  description 

A  key  feature  of  the  SCR  is  the  use  of  wide  ranging  gas  analysis  equipment  to  study 
the  mixing  and  combustion  of  fuel  and  air  within  the  combustion  chamber.  A  continuous 
flow  of  sample  can  be  extracted  from  any  part  of  the  combustor  volume  through  a  single 
point  probe  and  transferred  through  stainless  steel  tubing  to  the  remote  gas  analysis 
system. 

The  probe  is  positioned  by  the  traverse  gear  (Fig  3)  and  its  temperature  controlled 
by  the  use  of  a  high  pressure  hot  water  system  capable  of  operating  up  to  463  K  (190°C). 

The  traverse  gear  is  part  of  an  integrated  probe  positioning  and  gas  analysis  system 
designed  to  minimise  the  time  spent  obtaining  and  analysing  the  necessary  information. 

An  Intercole  Compulog  3  computer  system  monitors  rig  parameters,  drives  the  gas 
sampling  probe  and  sample  acquisition  system,  and  outputs  results  from  the  gas  analysis 
instrumentation  in  both  tabular  and  graphical  form.  Initially  the  computer  system  will 
be  used  to  present  results  and  provide  the  operators  with  rig  status  information. 

Ultimately  it  is  intended  that  the  installation  will  be  able  to  perform  limited  control 
functions  such  as  maintaining  the  SCR  on  condition  thus  relieving  the  rig  controller  of 
the  more  tedious  parts  of  the  test  runs. 

Experience  on  model  combustor  rigs  has  shown  that  detailed  traversing  of  a  volume 
requires  gas  samples  from  discrete  points  spaced  no  more  than  10  mm  apart.  Applying  this 
requirement  to  the  full-scale  combustors  to  be  examined  on  the  SCR  means  that  up  to  1000 
points  may  need  to  be  sampled  at  a  test  condition.  In  order  to  minimise  acquisition  time, 
a  target  gas  analysis  cycle  time  of  30  s  has  been  set.  The  gas  analysis  cycle  includes 
automatic  purging  of  the  sample  line,  acquisition  of  the  sample,  gas  analysis  and  movement 
of  the  probe  to  its  next  position. 

3.2  Traverse  gear 

Probe  access  to  the  chamber  is  from  the  downstream  combustor  exit  plane  (Figs  3  and 
4) .  Thus  in  order  to  extract  samples  throughout  the  volume  of  interest  a  cranked  probe 
capable  of  movement  in  four  dimensions  is  required  (Fig  4) .  As  the  traverse  gear  must  be 
able  to  investigate  different  sizes  of  combustion  chamber  with  various  internal  features, 
limit  switches  cannot  easily  be  used  to  protect  components.  Instead  a  system  using  com¬ 
puter  control  (for  speed,  accuracy  and  the  avoidance  of  protrusions}  together  with  slip¬ 
ping  clutches  (to  prevent  damage  should  the  probe  contact  any  surface)  was  chosen. 

The  traverse  ball  pivot  acts  as  the  fulcrum  for  all  the  movements  and  also  provides 
the  simple  seal  between  the  hot  internal  pressurised  gas  and  atmosphere.  A  supply  of  seal¬ 
ing  air  is  used  to  balance  the  internal  pressure  but  another  supply  is  required  to  ensure 

integrity  of  the  ball  pivot  system.  This  second  air  supply  is  routed  to  the  front  of  the 

ball  pivot  to  provide  a  protective  film;  this  small  quantity  of  air  must  therefore  be  taken 

into  account  when  using  the  averaging  outlet  rakes. 

The  probe  which  acquires  the  gas  samples  is  mounted  in  the  traverse  gear  but  must  be 
easy  to  remove  since  it  is  very  vulnerable  to  damage  by  overheating  and  may  need  to  be 
changed.  Also  different  shapes  and  types  of  probe  may  be  required  for  different  purposes. 

A  setting  gauge  can  be  mounted  on  the  front  of  the  traverse  gear  to  locate  the  probe  and 
establish  a  datum  set  of  co-ordinates  which  can  be  held  in  the  computer.  High  pressure  hot 
water  and  gas  sample  transfer  connections  are  attached  at  the  rear  (cold)  end  of  the  probe 
after  the  complete  traverse  system  has  been  fitted  into  the  rig.  The  flexible  sample 
transfer  and  water  lines  are  carried  on  a  support  arm  which  moves  in  the  horizontal  plane 
to  minimise  side  loads  on  the  traverse  gear  (Fig  1). 

In  addition  to  forming  part  of  the  integrated  probe  positioning  and  analysis  system, 
the  traverse  gear  can  also  be  driven  manually  using  its  control  box  or  by  means  of  a  dummy 
traverse  gear.  The  control  box  provides  a  separate  control  for  each  of  the  four  movements. 
The  dummy  traverse  gear  is  a  replica  of  the  actual  traverse  gear.  A  dummy  probe  can  be 
manipulated  within  a  model  of  the  actual  combustor  on  test  -  the  movements  of  this  probe 
are  translated  into  electrical  signals  by  the  dummy  traverse  gear  thus  providing  command 
signals  to  the  real  traverse  gear  fitted  on  the  SCR.  The  synchronised  position  of  both 
probes  is  also  relayed  to  the  computer  and  can  be  displayed  or  printed  along  with  the 
appropriate  gas  analysis  results. 

\ 

3.3  Gas  sampling  probes 

It  is  essential  that  the  composition  of  the  gas  sample  should  not  alter  during  its 
transfer  from  the  sampling  point  to  the  gas  analysis  instruments.  This  requires  that  the 
composition  should  be  'frozen*  by  rapid  cooling  within  the  probe.  The  sample  should  sub¬ 
sequently  be  maintained  at  a  temperature  low  enough  to  Inhibit  further  reaction  and  high 
enough  to  prevent  deposition  of  condensable  constituents.  This  temperature  has  been  set 
at  453  K  (180°C)  to  cover  all  the  types  of  fuel  anticipated. 

In  addition  to  the  above  conditioning  duties  the  pressurised  hot  water  system  is 
also  used  for  probe  cooling. 
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The  design  of  the  traversing  probes  is  such  that  the  hot  water  passing  up  the  inner 
annulus  (Fig  5)  conditions  the  gas  temperature  to  that  of  the  water  before  the  sample 
reaches  the  probe  outlet.  The  return  flow  through  the  outer  annulus  provides  cooling,  and 
hence  protection,  for  the  probe  against  the  very  hostile  flame  environment  of  the  combustor 
primary  zone  (T  >2000  K) . 

The  gas  analysis  equipment  requires  approximately  20  litres  of  gas  sample  per  minute 
if  it  is  to  perform  the  analysis  cycle  at  the  required  30  second  intervals.  The  bore  of 
the  probe  must  be  large  enough  to  permit  this  flow  at  all  operating  conditions  but  the 
outside  diameter  must  be  as  small  as  possible  (10  mm)  to  minimise  any  interference  with  the 
flow  patterns  being  sampled.  At  high  rig  pressures  a  blow-off  system  is  used  to  remove 
excess  sample  flow. 

All  the  above  remarks  refer  to  the  small  'minimum  disturbance1  probes  designed  for 
use  in  the  primary  zones  of  combustion  chambers.  The  outlet  rakes  contain  a  number  of 
sampling  holes  spaced  on  an  area  weighted  basis  to  measure  an  average  gas  sample  leaving 
the  combustion  chamber.  They  are  sited  downstream  of  the  chamber  exit  (Fig  1)  where  the 
environment  is  leas  hostile. 

A  third  probe  of  simple  uncooled  design  and  situated  upstream  of  the  rig  is  used  to 
obtain  a  sample  of  the  air  supplied  to  the  combustor. 

3.4  Gas  sample  transfer  system 

Each  of  the  three  systems  (Fig  6) ,  for  intra  combustor,  combustor  outlet  and  air 
sample  transfer,  consists  of  a  short  section  of  high  pressure  hot  water  conditioning  line 
followed  by  approximately  20  metres  of  8  mm  bore  stainless  steel  tubing  heated  by  elec¬ 
trical  heating  tape. 

A  separate  line  is  used  to  transfer  smoke  samples  directly  to  a  smoke  meter 
(section  3.5.2(i));  this  line  is  configured  to  minimise  any  degradation  of  the  sample. 

Pressure  in  the  sample  line  is  controlled  by  remotely  operated  relief  valves  in 
bleed  lines  connected  close  to  the  probe  outlets.  Reduction  of  pressure  lowers  both 
sample  residence  time  (for  a  given  atmospheric  pressure  flow  rate)  and  dewpoint.  Thus 
the  operating  level  is  set  only  to  that  necessary  to  produce  the  required  flow  rate  in  the 
instruments. 

An  upper  temperature  limit  (453  K)  is  imposed  by  those  instruments  which  operate  on 
the  raw  sample,  ie  as  captured  by  the  sampling  probe.  Continuing  reactions  are  not  likely 
to  be  serious  during  the  short  residence  time  (<2  seconds)  at  this  temperature  chosen  for 
the  transfer  system  but  deposition  from  the  complex  primary  zone  products  is  difficult  to 
predict;  any  potential  contamination  of  subsequent  samples  must  be  detected  and  remedied. 
This  is  done  by  using  the  level  of  the  computer  monitored  signal  from  one  of  the  flame 
ionisation  detectors  (FID)  as  a  measure  of  the  acceptability  of  the  sample.  If  a  thres¬ 
hold  value  of  hydrocarbon  is  exceeded  the  computer  will  operate  zero  gas  selectors  in  the 
filter  oven  (Fig  6)  and  will  then  inhibit  further  analysis  until  an  acceptable  level  is 
attained. 

3.5  Gas  analysis  instrumentation 

3.5.1  Design  considerations 

In  aero  engine  emissions  measurement,  a  comprehensive  description  of  hydro-carbon/alr 
combustion  product  composition  can  be  achieved  by  the  measurement  of  only  a  small  number  of 
key  chemical  species  provided  a  number  of  assumptions  are  made.  The  calculations  require 
a  knowledge  of  the  chemical  composition  of  the  fuel  and  air  and  the  application  of  con¬ 
ditional  equations  involving  reactant  and  product  atomic  balances. 

The  measuring  systems  used  for  the  SCR  system  are  based  on  relatively  fast  commercial 
on-line  analysers.  It  was  decided  that  such  instruments  afforded  the  best  means  of  achiev¬ 
ing  the  target  analysis  time  of  30  seconds  per  point  albeit  with  an  increase  in  the  number 
of  instruments  used  to  meet  the  wider  range  of  constituent  measurement  required. 

None  of  these  instruments  respond  only  to  their  designated  constituent;  corrections 
for  Interference  effects  are  therefore  necessary.  The  procedures  used,  familiar  in  emis¬ 
sions  measurement,  become  more  significant  in  the  presence  of  potentially  greater 
'contaminant'  concentrations  in  the  SCR.  The  interferences  are  of  two  types  (a)  those 
where  the  instrument  responds  directly  to  the  'contaminant'  and  (b)  those  where  the 
'contaminant'  modifies  the  response  to  the  measured  constituent.  Direct  measurement  of 
additional  species  simplifies  the  computer  calculated  correction  procedure  and  also 
eliminates  some  of  the  assumptions  made  in  the  calculation  of  composition.  A  list  of 
instruments  used  is  given  in  Table  1 . 

In  section  3.4  reference  was  made  to  Instruments  which  operate  on  the  raw  sample. 
Others,  whose  operating  temperature  would  result  in  deposition  of  condensable  constituents, 
must  be  protected  by  a  combination  of  coolers  and  driers.  There  is  thus  a  need  to  relate 
measurements  made  on  raw  and  processed  samples.  The  correlations  are  made  by  the  assump¬ 
tions  of  (a)  removal  or  non-removal  of  organic  matter  in  the  drying  process  and  (b)  the 
molecular  state  of  the  organic  matter.  In  the  system  described  here  use  is  made  of  a 
recently  developed  commercial  non-dlspersive  infra-red  instrument  capable  of  operation  at 
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453  K.  Carbon  dioxide  is  measured  on  both  raw  and  processed  samples  thus  providing  a 
factor  for  the  conversion  of  all  constituent  concentration  between  these  two  samples. 

In  the  following  section  (3.5.2)  a  knowledge  of  current  gas  analysis  instrument 
fundamentals^# 3  xs  assumed  and  only  special  features  are  detailed. 

3.5.2  Instrument  description 

(a)  <3as  analysis  console 

The  analysers  are  housed  in  a  console  (Fig  7)  together  with  ancillary  apparatus 
including  pen  recorders,  temperature  and  flow  control  systems  and  span  and  zero  solenoid 
valves.  Local  manual  control  of  all  instrument  operating  functions  is  available  at  the 
console  and  an  interface  provides  access  for  computer  control  and  data  gathering. 

(b)  Carbon  dioxide  and  carbon  monoxide 

Both  of  these  constituents  are  measured  in  the  processed  sample  using  non  dispersive 
infra-red  (NDIR)  analysers,  although  additional  measurements  of  carbon  dioxide  are  made  of 
the  raw  sample  (section  3.5.1).  To  obviate  delays  arising  from  range  changing  within 
instruments,  the  SCR  system  uses  five  separate  single  range  instruments  operating  in  paral¬ 
lel,  all  outputs  are  logged  and  the  most  appropriately  ranged  instrument  result  is  selected 
by  the  computer. 

(c)  Oxygen 

The  instrument  used  for  the  measurement  of  oxygen  is  of  the  paramagnetic  type.  This 
depends  for  its  response  on  the  large  difference  in  magnetic  susceptibility  between  oxgyen 
and  other  gases.  Most  combustion  product  gases  other  than  nitrogen  have  small  direct 
interference  effects  which  become  more  significant  in  low  oxygen  concentration  samples  from 
the  primary  zone. 

(d)  Hydrogen 

In  the  absence  of  any  known  suitable  on  line  method  of  hydrogen  measurement,  a  gas 
chromatographic  method  is  used. 

To  provide  the  required  dynamic  range  with  good  resolution  at  low  concentration  a 
dual  analysis  system  is  operated  using  one  katharometer  detector  (Fig  8) .  Sample  flow  is 
alternated  between  the  two  loops  and  swept  through  the  appropriate  column  system  by  a 
carrier  gas.  Unwanted  components  are  removed  by  the  backflush  gas. 

If  tracing  of  air  flows  is  required#  this  system  can  be  used  for  the  detection  of 
tracer  gases  such  as  helium. 

(e)  Total  hydrocarbon  (THC) 

In  the  method  used  here  a  sample  valve  isolates  a  discrete  small  volume  sample. 

This  ’slug'  is  introduced  into  a  carrier  stream  and  is  carried  to  the  flame  ionisation 
detector  (FID) .  The  detector  output  is  integrated  with  respect  to  time  and  the  peak  area 
obtained  is  related  to  the  hydrocarbon  concentration.  An  additional,  very  basic  FID  system 
was  designed  and  used  in  the  continuous  sample  mode  to  monitor  the  primary  THC  analyser 
sampling  inlet.  The  magnitude  of  thi.8  response  during  purging  is  used  by  the  computer  to 
decide  and  preset  the  optimum  gain  setting  of  the  primary  unit.  The  basic  FID  also  pro¬ 
vides  the  sample  monitoring  facility  (section  3.4). 

If)  Water  vapour 

A  high  temperature  NDIR  analyser  is  used  to  measure  the  water  vapour  concentration 
in  the  raw  sample.  A  conventional  (ie  low  temperature)  NDIR  analyser  is  also  used  in  the 
system  to  measure  the  water  vapour  in  the  processed  sample,  primarily  to  monitor  the  per¬ 
formance  of  the  drying  system. 

(g)  oxides  of  nitrogen 

In  common  with  current  practice  the  measurement  of  oxides  of  nitrogen  is  based  on 
the  principle  of  chemiluminescence.  The  instrument  is  twin  channelled,  one  channel  con¬ 
taining  a  thermal  converter  for  the  conversion  of  nitrogen  dioxide  to  nitric  oxide#  and 
each  channel  contains  a  reactor  cell  monitored  by  a  photomultiplier.  Thus  nitric  oxide 
and  nitric  oxide  plus  nitrogen  dioxide  are  measured  concurrently.  There  is  limited 
cross-sensitivity  to  other  combustion  products. 

(h)  Fuel /air  ratio  (FAR)  tracer  measurement 

A  mass  spec trome ter  is  used  for  the  rapid  measurement  of  all  species  required  to 
determine  the  carbon  dioxide/nitrogen  ratio  (a  simple  function  of  FAR)  in  a  completely 
burnt  sample.  This  instrument  also  permits  simultaneous  tracing  of  component  airflows 
by  monitoring  through  the  chamber  changes  in  concentration  of  inert  gases  injected  into 
the  component  \«g  from  a  selected  combustor  air  dilution  hole) .  The  usual  tracer  gas  is 
helium  but  argon  may  be  used  (Instead  or  as  a  second  tracer)  with  lower  accuracy  and 
sensitivity  since  nearly  IX  is  already  present  in  the  air. 
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(i)  Smoke 

Initially,  measurements  are  to  be  made  on  the  sample  from  the  exhaust  averaging 
rakes.  The  SAE  technique  is  used  whereby  a  predefined  volume  of  sample  is  filtered  and 
the  optical  attenuation  of  the  filter  medium  is  calculated. 

3.5.3  Calibration 

Since  all  the  analysers  used  are  essentially  comparators,  the  accuracy  of  any 
measurement  depends  on  the  calibration  procedure.  Basic  calibration  of  each  instrument 
depends  on  the  preparation  of  a  suitable  number  of  mixtures  of  the  constituent  to  be 
measured,  to  cover  each  range.  These  mixtures  are  generated  in  a  suitable  mixing  device, 
usually  a  precision  gas  mixing  pump  fed  with  a  primary  mixture  equivalent  to  about  90Z  of 
range,  and  the  diluent  gas,  usually  nitrogen.  A  careful  audit  of  all  primary  field 
mixtures  is  carried  out  periodically  to  compare  them  with  the  high  quality  National  Bureau 
of  Standards  related  reference  mixtures  in  the  RAE  gas  standards  laboratory4. 

The  undiluted  field  mixtures  are  used  routinely  to  'span'  each  instrument  during  use. 
Computer  control  of  solenoid  selector  valves  provides  frequent  interleaving  of  zero  and 
span  readings  with  sample  readings  during  a  combustion  run. 

One  calibration  procedure  which  falls  outside  normal  practice  is  that  for  water 
vapour.  Since  storage  of  vapour  mixtures  up  to  15Z  by  volume  is  impractical,  their  on¬ 
line  generation  is  necessary.  The  water  concentration  of  the  mix  produced  by  a  vapour  gen¬ 
erator  is  measured  by  a  cooled  mirror  dewpoint  meter. 

4  COMPUTER  AND  PERIPHERALS 

The  computer  and  its  peripherals  have  functions  which  fall  into  two  main  categories  - 
(a)  monitoring  and  control  and  (b)  data  logging.  The  monitoring  and  control  function 
includes  provision  for  rig  driving  aids  in  the  control  room,  raising  alarms  to  warn  of  rig 
malfunctions  and,  in  due  course,  will  permit  certain  rig  control  operations  to  be  under¬ 
taken.  The  data  logging  function  includes  driving  the  traversing  probe  and  all  instrumen¬ 
tation  and  recording  all  readings  either  periodically  or  on  demand  (Fig  9) . 

4.1  Computer  system 

A  programmable  logic  controller  (PLC)  was  chosen  to  provide  routine  safety  monitoring 
and  display,  to  inhibit  rig  start-up  unless  performed  in  a  safe  sequence  and  to  provide 
automatic  shut-down  in  the  event  of  an  emergency. 

Control  of  the  mass  spectrometer  requires  detailed  interfacing  to  its  control  elec¬ 
tronics  so  a  dedicated  microcomputer  is  used.  Both  the  microcomputer  and  the  PLC  are 
linked  to  the  main  computer. 

4.1.1  Hardware 

Fig  10  outlines  the  main  features  of  the  computer  system.  An  Intercole  Systems  Ltd 
Compulog  3  data  logger  was  used  as  the  basis  of  the  system.  An  extra  196  kbytes  of  memory, 
a  programmable  clock  and  a  high  speed  direct  memory  access  serial  line  interface  have  been 
incorporated.  High  speed  disc  storage  media  is  by  way  of  a  removable  disc  cartridge  with 
a  fixed  lower  platter  -  the  drive  emulates  four  standard  10  Mbyte  discs.  A  further 
2x5  Mbyte  capacity  disc  drive  is  used  for  transferring  updates  to  system  software.  A 
small,  0.6  Mbyte  capacity  disc  drive  is  used  for  archiving  test  results  -  results  from  one 
full  day  of  running  can  be  stored  on  a  single  3i  inch  flexible  disc. 

Three  16  bit  ADCs  are  used  for  analogue  voltage  sampling  and  multiplexers  allow  up 
to  300  readings/second  to  be  taken.  Status  channels  are  used  to  provide  switching,  either 
at  TTL  logic  levels  or  of  other  voltages  via  internal  relays.  Paper  tape  is  used  for  per¬ 
manent  archiving  of  programs  and  a  line  printer  and  printing  terminal  are  used  for 
obtaining  hard  copy. 

4.1.2  Software 

The  RSX11-M  operating  system,  a  multi-user,  multi-tasking  facility  allows  each  com¬ 
puter  function  to  be  Implemented  by  a  discrete  program  unit.  Each  program  unit  is  ascribed 
a  frequency  of  operation  and  a  priority  level.  A  high  priority  trsk,  eg  traverse  control, 
can  therefore  gain  maximum  use  of  system  resources  if  it  requires  them.  A  scheduler  has 
been  incorporated  to  ensure  that  even  the  lowest  priority  tasks  are  not  locked  out 
indefinitely. 

The  main  memory  Includes  a  common  block  which  contains  all  lookup  tables  {eg  ampli¬ 
fier  gain  settings  to  voltage  conversions),  calibration  coefficients  and  updated  results. 
The  rest  of  main  memory  is  used  by  the  operating  system  Executive  and  allocated  to  tasks 
as  demand  dictates.  A  commercial  plotting  package  (Simpleplot)  is  used  for  on-line 
graphic  presentations.  Languages  used  are  Fortran  IV  and  the  machine's  assembler  language. 
Macro- 1 1 . 

4.2  Rig  control,  monitoring  and  displays 

The  computer  is  equipped  with  interface  equipment  for  performing  rig  control  func¬ 
tions.  Currently,  the  rig  is  driven  in  a  semi-manual  fashion  but  computer  control  will  be 
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gradually  introduced  as  experience  is  gained.  However,  rig  monitoring  by  the  computer  has 
been  required  from  the  outset.  Two  banks  of  16  digital  displays  and  seven  analogue  dis¬ 
plays  are  used  to  provide  monitoring  information  in  engineering  units.  Thumbwheel  switches 
are  used  to  display  the  result  of  particular  calculations.  An  alarm  buzzer  and  warning 
lights  draw  attention  to  readings  that  transgress  pre-defined  limits  and  a  VDU  screen  gives 
detailed  information  on  the  offending  item.  The  computer  also  drives  panel  illumination  to 
indicate  when  the  combustor  is  alight  and  when  flameout  has  occurred  by  a  simple  comparison 
between  combustor  inlet  and  outlet  temperatures.  The  rig  monitoring  program  runs  on  a 
cyclic  basis,  updating  each  display  once  every  3  seconds. 

4.3  Probe  control 

Fig  11  shows  the  main  components  of  one  axis  of  the  traversing  probe  control  system. 
The  control  system  is  a  hybrid  computer/ servo  amplifier  system  with  DC  servo  motors.  The 
computer  outputs  a  desired  positional  value  for  a  specified  axis  down  a  serial  line  to  a 
D  to  A  converter.  The  analogue  output  from  this  converter  feeds  into  a  DC  servo  amplifier. 
The  servo  amplifier  contains  the  necessary  proportional,  integral  and  derivative  elements 
to  drive  the  servo  motor  so  that  the  desired  position  is  reached  and  stabilised  in  the 
minimum  timescale. 

Independent  feedback  of  probe  position  is  supplied  to  the  computer  so  that  checks 
can  be  made  on  desired  ind  achieved  positions.  This  feature  is  used  to  avoid  striking  the 
chamber  wall  with  the  probe,  an  event  whi^h  is  more  likely  to  happen  whilst  entering  or 
withdrawing  from  the  combustor. 

The  dummy  traverse  gear  is  similar  to  the  rig  traverser,  but  contains  only  positional 
feedback  potentiometers  with  no  drive  motors.  The  dummy  traverser  can  be  moved  manually 
whilst  the  potentiometers  are  being  read  by  the  computer.  A  control  button  is  pressed  to 
signal  the  computer  at  positions  where  a  gas  analysis  sample  is  required. 

In  order  to  collect  samples  from  discrete  positions  within  the  combustor,  an  alter¬ 
nate  sequence  of  positioning  the  probe  and  collecting  and  analysing  the  sample  is  followed. 
At  each  position,  time  is  allowed  for  the  sampled  gas  to  reach  the  analysers  and  for  the 
analysers  to  stabilise.  The  entire  system  is  designed  to  run  automatically  at  a  rate  of 
120  probe  positions  per  hour  with  a  positional  resolution  better  than  1  mm.  Sample  line 
pressures  and  temperatures  are  continuously  monitored  and  warnings  are  raised  if  a  mal¬ 
function  occurs. 

4.4  Sample  analysis 

When  the  probe  is  at  a  sampling  position  and  sample  is  reaching  the  instruments,  the 
computer  initiates  an  analysis  cycle.  The  continuous  readout  instruments  are  sampled  10 
times  per  position  and  the  readings  are  averaged  by  the  program.  'Slug'  analysis  instru¬ 
ments  and  the  mass  spectrometer  are  cycled  by  the  program  and  the  readings,  taken  period¬ 
ically  during  'slug'  transfer,  are  integrated  through  the  cycle. 

4.4.1  Chromatographic  instruments 

The  program  firstly  reads  THC  with  the  wide  band,  low  accuracy  FID  instrument.  This 
reading  enables  the  program  to  calculate  and  set  the  gain  range  for  the  narrow  band  high 
accuracy  FID,  and  to  initiate  'slug'  transfer.  The  hydrogen  gas  chromatograph  is  also 
started  at  this  stage.  Finally  the  mass  spectrometer  analysis  cycle  is  inititated.  The 
probe  is  moved  to  the  next  sampling  position  before  all  analysis  cycles  are  complete  to 
take  advantage  of  the  delay  during  chromatograph  analysis  times. 

The  instruments  use  a  10  volt  full  scale  analogue  output  signal  which  is  read  by  the 
computer  using  common  mode  rejection  techniques  to  minimise  noise. 

4.4.2  Mass  spectrometer 

The  mass  numbers  of  the  gas  constituents  to  be  measured  by  the  mass  spectrometer  are 
held  in  a  lookup  table  in  the  microcomputer.  This  lookup  table  and  the  program  software 
are  loaded  from  the  main  computer  at  the  start  of  a  run.  On  initiation  of  an  analysis 
cycle  by  the  main  computer,  the  microcomputer  drives  the  mass  spectrometer  to  the  first 
mass  number  in  the  table.  It  then  scans  the  peak,  averaging  many  readings  to  produce  an 
accurate  result,  and  passes  the  averaged  result  to  the  main  computer.  The  process  is 
repeated  for  all  masses  in  the  table.  The  mass  spectrometer  has  the  slowest  sample  trans¬ 
fer  time  of  all  the  instruments  and  so,  in  real  time,  readings  are  being  taken  after  the 
discrete  instruments. 

4.5  Processing  and  presentation  of  results 

During  a  run,  results  can  be  plotted  on  a  graphic  display  terminal  and  hard  copy  may 
be  taken  as  required,  as  well  as  being  stored  in  a  file  on  a  3$  inch  flexible  disc.  This 
disc  can  be  replayed  into  an  off-line  computer  system  where  data  from  selected  runs  can  be 
analysed. 

A  remote  workstation  is  used  to  process  the  data  and  present  results.  This  work¬ 
station  contains  3/4  Mbyte  desk  top  computer,  two  printers  and  a  colour  graphics  display 
terminal  with  colour  hardcopy  unit.  A  commercial  database  system  is  used  to  collate  the 
data  items  of  interest  and  produce  a  file  for  further  processing.  This  file  is  read  by 
programs  which  calculate  derived  results  and  present  them  either  printed  out  as  tables  or 
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plotted  in  colour  as  two-  or  three-dimensional  contours  using  the  commercial  Simpleplot 
plotting  package.  A  complete  picture  can  be  formed  from  the  data  points ,  thus  illustrat¬ 
ing  the  combustion  process  within  the  test  chamber. 

5  DISCUSSION 

As  pressures  and  temperatures  of  advanced  aero  gas  turbine  engines  rise  to  meet  the 
demands  of  the  military  and  civil  operators  the  problems  of  ensuring  that  the  combustion 
chamber  can  satisfy  the  new  performance  requirements  without  compromising  durability  become 
increasingly  severe.  New  combustors  face  diminishing  design  margins  and  the  combustion 
engineer  now  requires  much  greater  information  about  the  processes  which  influence  wall 
temperatures  and  outlet  temperature  distributions.  Mathematical  modelling  of  the  relevant 
processes  is  advancing  but  is  not  yet  able  to  provide  all  the  assurances  required  at  the 
research  or  development  stages.  Invariably  these  methods  require  som.*  input  from  exper¬ 
imentation  and  high  quality  data  concerning  the  internal  flow  structure  or  fuel/air  dis¬ 
tribution,  for  example, are  often  lacking. 

New  instrumentation  methods  are  being  actively  sought  and  developed.  Many  of  these 
rely  on  non-intrusive  techniques  which  require  optical  access  to  the  flow  within  the 
chamber.  Whilst  these  have  many  advantages  they  are  not  yet  widely  available  and  suffer 
many  disadvantages  in  their  application  to  full  scale  practical  combustors.  The  Pyestock 
system  offers  a  practical  method  of  meeting  the  demands  for  more  information  about  the 
internal  processes  both  quickly  and  cheaply.  Whilst  intrusive  probe  techniques  invariably 
cause  some  distortion  of  the  absolute  values  of  the  information  sought,  experience  has 
shown  that  the  single  point  probe  is  an  effective  compromise  and  can  satisfy  many  of  the 
needs  outlined  above. 

The  Pyestock  rig  is  seen  to  have  very  good  prospects  of  answering  many  of  the  ques¬ 
tions  facing  combustion  researchers  both  quickly  and  economically.  Having  been  fully 
tested  in  the  burning  mode  before  delivery  the  mechanical  parts  of  the  rig  are  in  final 
stages  of  installation  and  commissioning  is  well  advanced  with  the  expectation  of  full 
operational  status  by  mid  1986. 
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Table  1 


Measured 

constituent 

Instrument 

type 

Range 

Sample 

type 

Carbon  dioxide 

NDIR 

0-15Z 

Processed 

Carbon  dioxide 

NDIR 

0-2% 

Processed 

Carbon  monoxide 

NDIR 

0-15Z 

Processed 

Carbon  monoxide 

NDIR 

0-1Z 

Processed 

Carbon  monoxide 

NDIR 

0-0. 05Z 

Processed 

Oxygen 

Paramagnetic 

0-25Z 

Processed 

Hydrogen 

Chromatograph 

/ 0-0. 1Z 
10-10% 

Processed 

Water  vapour 

NDIR 

0-15Z 

Raw 

Water  vapour 

NDIR 

0-5Z 

Raw 

Carbon  dioxide 

NDIR 

0-15% 

Raw 

Carbon  dioxide 

NDIR 

0-2% 

Raw 

THC 

Flame  ionisation 

0-10Z 

Raw 

NOx 

Chemiluminescence 

0-0.1% 

Raw 

NO 

Chemiluminescence 

0-0.1% 

Raw 

FAR 

Mass  spectrometer 

Burnt 

Tracer 

Mass  spectrometer 

Burnt 
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Fig  I  General  arrangement  of  sector  combustion  rig 


Fig  2  Sector  combustion  rig 
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Fig  4  Traverse  gear  movements 
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EXHAUST  MANIFOLD 


COMTufEU 


* 


II  Pro6 


»  control  system 


Dlsn  HSION 


I.AJufc— ■  IS 

ll)  Whai  i»  your  targci  temperature  am J  (he  t^arftet  time  in  achieve  ihi%  temperature  ui  order  to  quench  primary  /one 
react  mov  ' 

( 2)  Without  supersonic  quench  or  diluent  by  me n  j gas  addition,  how  do  you  achieve  a  suffiocniJy  rapid  quench  of 
react  mm  which  < wcut  on  the  order  of  milliseconds  * 

toWor's  fteph 

(  >ur  target  m  order  to  quemh  pnmarv  /one  reactmm  is  to  reduce  the  temperature  to  less  than  IWH  Km  lew  than  '00 
?m  roves  imd*  rtcmh  tern  and  a  •,*>mpute*  ■**  ihr  v*»«vr«-iivr  system  described  in  the  paper  indicate  that  the 

prohr  *iU  reduce  ihe  sample  temperature  from  ''(Ml  h  to  I  Mm  ^  m  l HO  to  250  microseconds  depending  i»n  the  probe 
•mir  dtamrut 


J-Aftga.  I  S 

How  mam  spatial  U  nations  are  typualiv  used  in  a  somplelc  vombusim  suivcs  *  Is  the  rig  <*:.  point  stabthtv  sufficient 
■  *sef  this  r Mended  primd  >»t  unit-  ' 

tutlHN  i  Irph 

I  hiring  arnefai  surveys  we  cxf»ect  to  lake  samples  at  d  mm  spaeings  Ih»s  *  »«  lead  to  a  large  number  <*(  fx«n(v  isav 
l»NH»j  and  corresponding  long  iun  ernes  Xflet  some  initial  ptobiems  with  the  ximprcssor  pressure  c«*nt roller  we  now 
•thieve  remarkabte  stabduv  eg  pressure  and inlet  temperature  maintained  wrthin  »>  o’  aim  and  *  h  respectively  I  or 
.  Me  rules!  periods  ot  •  •prfatmn 


I  A  M.  I  s 

,  I  ,  Max  ■  «i  malt  ms  .  itmpmiwms  Ixiwt-cri  rig  and  <  nginc  operation  ' 

«  ’>  Max  '  <m  .naile  aiiv  high  frequcmi  v  vompariMH's  1 

Xuthwe  s  Iffh 

ill  t  ompariwms  have  been  made  m  tlw  t  h  and  shown  saltsfattorv  ague  rneiit 

i  _'t  Prevent  instrumental  ion  is  not  ,  .ipahlc  ot  making  high  frequent  s  measuiemenis  Mu  ab||n\  to  make  such 
measurements  is  dependent  >*n  iht  availabtlttv  of  siuiabie  instruments 


*,>•*.  I  S 

l  1 1  It  appears  that  the  rig  has  a  universal  pressure  plenum  instead  of  an  actual  engine  lomhustor  case  ( >ur  experience 
is  that  there  is  often  a  strong  interaction  between  the  eotnfnishrr  liner  and  (he  can  which  affects  the  air  Dow 
distribution  Mow  do  you  assure  inclusion  ol  engine  installation  effects  in  your  setup  ’ 

l  *  1  I  vecond  the  concern  over  the  ilestgn  ol  your  sampling  probe.  relative  to  the  ability  lo  adequately  quench  the 

sample  the  k»  v  element  of  v«Kii  system,  the  probe.  docs  not  appear  to  tepteseni  the*  same  level  of  investment  and 
sophistication  as  the  traverse,  analysers,  computers  etc 

Author's  Rrfh 

( 1 )  the  pressure  plenum  is  designed  to  sun  the  particular  installation 

I  he  example  included  in  the  paper  tFig  5  >  uses  an  engine'  casing  inside  the  pressure  casing  on  the  inner  diameter 
and  the  outer  diameter  pressure  easing  replicates  the  engine  scantlings 

(  ompressor  delivery  profiles  can  be  simulated  using  grids,  trips,  etc 

(2)  ()n  the  basis  of  earlier  experience  (Ref  I )  we  consider  that  the  final  design  will  provide  adequate  quenching 
without  causing  excessive  interference  with  the  flows  and  reactions  wc  arc  measuring 
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DIGITAL  IMAGE  PROCESSING  APPLIED  TO  FLUID  DYNAMIC  PROBLEMS 


SUMMARY 


J.M.  Buchlin 

von  Karman  Institute  for  Fluid  Dynamics 
Chausee  de  Waterloo,  72 
B  -  1640  Rhode  Saint  Gen£se  -  Belgium 


The  present^paper  deals  with  applications  of  visualization  techniques  associated  with  Digital  Image 
Processing  in  fluid  dynamics.  Two  typical  fluid  flow  problems  of  Interest  for  propulsion  are  selected  to 
illustrate  the  purpose,  i  .  1 

The  mixing  properties  of  the  jet.  Laser  tomography  and  light  scattering  from  micro-droplets  of  oil  lead 
to  the  quantification  of  the  three  dimensional  concentration  field.  S.  ) 

The  local  heat  transfer  distribution  on  a  heated  surface  from  oblique  and  co- linear  impinging  jets. 
Thermographic  imaging  system  is  used.  Digitized  infrared  pictures  are  processed  to  provide  local  and 
average  values  of  the  heat  transfer  coefficients. 

1 


INTRODUCTION 

Digital  Image  Processing  (DIP)  is  a  new  branch  of  signal  processing  which  becomes  increasingly  important 
with  the  improvement  of  digital  computer  capabilities.  Digital  image  processing  has  already  many  applications 
in  industry,  biomedicine  and  space  exploration.  One  recent  application  of  DIP  which  is  developing  rapidly 
is  in  the  field  of  fluid  mechanics  where  flow  visualization  plays  a  predominant  role.  When  integrated  to¬ 
gether  computer  image  analysis  and  flow  visualization  techniques  become  powerful  tools  available  to  scientists 
for  the  extraction  of  quantitative  information  from  pictures.  In  addition  such  an  approach  has  the  advan¬ 
tage  coranon  to  purely  optical  probes  of  causing  minimal  disturbance  in  the  flow. 

Trie  present  paper  deals  with  applications  of  01P  to  fluid  dynamic  problems.  Two  typical  fluid  flow 
problems  of  interest  for  propulsion  are  selected  to  illustrate  the  purpose.  The  first  example  concerns  the 
mixing  process  of  a  g*s  jet  in  a  coflowing  air  stream.  The  second  example  considers  tne  determination  of 
the  local  heat  transfer  coefficient  at  the  impaction  of  gas  jets  onto  heated  flat  plate.  For  both  the  pur¬ 
poses  selected  the  potential  and  the  actual  limitations  of  the  DIP  technique  are  emphasized. 


1  .  MIXING  r  tOPERT  1ES  IN  A  JET 
l.l  Introduction 

The  development  of  techniques  for  the  measurement  of  concentration  of  a  tracer  or  gas  species  in  a 
flow  field  is  of  particular  interest  for  improving  the  knowledge  of  mechanisms  of  mixing  processes. 

Average  concentration  measurement  can  be  performed  by  isokinttic  sampling  technique  (Ref.  1).  A  more  in¬ 
volved  tech  ique  to  determine  the  concentration  has  been  developed  at  VKI  in  u<ing  wire  principles  to 
measure  the  thermal  conductivity  of  the  gas  mixture  (Ref.  2).  At  the  same  ti.t  non-intrusive  techniques 
have  been  proposed  (Refs.  3,  4).  They  are  mainly  based  on  the  light  scattering  phenomena.  The  concentration 
is  inferred  from  the  intensity  of  the  Lorentz-Mie  scattered  radiation  from  the  flow  which  is  seeded  by  small 
particles.  In  the  first  technique  the  measuring  volume  is  formed  by  the  intersection  of  two  laser  beams. 

A  proper  optical  system  collects  and  focusses  the  light  scattered  onto  a  multiplier  tube.  The  second  non- 
intrusive  technique  allows  the  spatial  determination  of  the  concentration  in  two  dimensions  using  the  digital 
image  of  the  flow  when  illuminated  by  laser  sheet.  Its  development  at  VKI  has  been  initiated  by  Lourengo 
(Ref.  6)  and  continued  by  Borleteau  &  Buchlin  (Ref.  6).  A  similar  experimental  procedure  is  also  followed 
by  Schon  (Ref.  7).  The  main  features  of  this  technique  are  presented  on  the  basis  of  the  study  carried  out 

at  VKI  and  dealing  with  the  mixing  properties  of  a  gas  jet  coflowing  within  an  air  stream  which  is  also 

regarded  as  an  interesting  test  exercise  by  other  researchers  (Refs.  7,  8). 

1.2  Measurement  technique 

The  measurement  technique  lies  on  optical  detection  of  the  light  scattered  by  particles  in  suspension 
in  a  fluid.  It  is  shown  by  Becker  et  al .  (Ref.  9)  that  light  scattered  is  a  linear  measure  of  marker  concen¬ 
tration  when  the  concentration  profile  does  not  exhibit  important  curvature  within  the  control  volume.  In 
the  study  of  the  mixing  of  the  two  gases,  one  of  the  species  is  seeded  with  particles  which  are  used  as  mark¬ 
ers.  In  the  present  technique  the  seeding  selected  is  formed  by  small  oil  droplets  of  about  1.5  micrometers 
of  diameter  (Ref.  10).  They  have  small  inertia;  their  velocity  response  is  better  than  90%  up  to  frequency 

of  10  kHz  (Ref.  9).  In  addition  because  they  have  small  residence  time,  the  effects  of  evaporation  and 

coagulation  due  to  collision  and  diffusion  by  Brownian  are  negligible.  The  density  of  these  tracers  in  the 
measuring  volume  has  to  be  sufficiently  low  to  ensure  independent  scattering.  After  Van  der  Hulst  (Ref.  11), 
oil  droplets  of  1.5  micrometer  have  not  to  exceed  3%  in  volume  fraction  which  corresponds  to  a  tracer  con¬ 
centration  of  2.lOI5,per  m3.  A  more  restrictive  condition  on  the  sol  particles  concentration  is  necessary 
to  minimize  the  attenuation  of  the  light  scattered  from  the  measuring  volume  and  traversing  the  mixing  field. 
It  turns  out  that  an  upper  limit  of  10ia  particles  per  m3  must  be  ascertained.  In  addition,  accordlno  to 
Rosenweig  (Ref.  12)  the  marker  shot  noise  is  negligible  if  the  number  of  tracers  in  the  measuring  volume  is 
larger  than  1000. 

The  incident  light  is  formed  by  a  laser  plane  projected  in  the  flow  field.  The  optical  signal  produced 
by  the  light  scattered  from  the  markers  is  detected  by  video  camera.  The  video  signal  is  sampled  to  obtain 
a  digital  image  which  is  a  bounded  two  dimensional  space  discrete  distribution  of  light  intensity.  The 
actual  scattered  light  in  the  laser  sheet  is  reconstructed  from  the  digital  image  of  the  detected  light  by 
using  DIP  techniques,  including  noise  spikes  removal,  low  pass  filtering,  and  correction  for  the  non-uniform 
distribution  of  the  incident  light  in  the  laser  sheet  and  for  optical  defects.  The  points  of  measurements 
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are  the  resolvable  points  of  reconstructed  digital  Image  which  involves  reasonably  small  volume  of  gas 
satisfying  all  requirements.  The  value  of  the  scattered  light  intensity  at  a  point  of  measurement  is  dis¬ 
played  on  the  image  as  one  of  the  possible  intensity  levels.  Calibration  of  data  in  the  digital  image  is 
done  by  measuring  the  concentration  of  the  seeded  species  with  a  single  point  measurement  technique  at  a 
few  points  in  the  flow.  Another  possibility  is  to  take  advantage  of  a  priori  knowledge  of  data  displayed 
on  the  digital  image.  For  example,  in  the  study  of  the  mixing  process  of  jet,  the  concentration  level  is 
100X  just  at  the  exhaust  of  the  nozzle  and  Of  at  the  outside  of  the  jet.  Then,  provided  the  linearity  of 
the  measurement  technique  could  be  checked,  no  calibration  would  be  required  to  determine  the  concentration 
level  from  the  reconstructed  digital  image.  It  Is  now  worth  quoting  that  this  technique  differs  slightly 
from  that  used  by  Schon  which  involves  the  counting  of  the  tracing  particles  (Ref.  7). 

1.3  Application  to  the  mixing  properties  of  gas  jets 
1.3.1  Test  facility  and  instrumentation 

The  application  of  the  af ©represented  non-lntrusi ve  technique  is  illustrated  by  the  measurement  of 
concentration  field  of  a  freon  12  jet  discharging  at  1.65  m/s  into  a  co-flowing  air  stream  at  0.6  m/s.  The 
experimental  setup  is  sketched  In  figure  1.  The  jet  nozzle  of  4.25  mm  In  diameter  Is  located  on  the  axis 


FIG.  1  -  SKETCH  OF  THE  TEST  SETUP  FOR  JET  MIXING  FIG.  2  -  VKI  DIGITAL  IMAGE  PROCESSING  SYSTEM 

of  symmetry  of  the  test  section  of  a  wind  tunnel  with  a  transparent  square  cross  section  of  0.20*0.20  m 
and  2  m  long.  The  freon  jet  is  seeded  with  oil  smoke. 

The  incident  light  plane  is  produced  by  passing  an  argon  laser  beam  (■  5145  A)  of  2  W  continuous  power 
through  a  cylindrical  lens.  The  light  scattered  from  the  laser  sheet  is  detected  by  a  video  camera  and 
recorded  by  video  tape  of  U-matic  format  which  is  later  analyzed  frame  by  frame  by  means  of  the  VKI  DIP 
system  the  general  structure  of  which  is  shown  in  figure  2.  A  frame  grabber  with  a  resolution  of  8  bits/ 
pixel  converts  each  frame  in  digital  form  updating  continuously  two  memory  boards  with  a  spatial  resolution 
of  256*256  pixels.  The  combination  of  these  two  boards  provides  a  quantization  level  of  8  bits/pixel 
allowing  up  to  256  gray  level  scales  or  false  colour  variations.  For  gray  level  to  colour  conversion  and 
monitoring  purposes  a  high  speed  8-blt  D/A  converter  and  a  two  8-bit  gray  scale/colour  encoders  are  also 
built  in  the  system.  The  false  colour  output  is  displayed  on  a  Barco  monitor.  The  assembly  is  mounted  on 
the  unibus  of  a  POP  11/34  which  is  the  host  computer  controlling  the  DIP  system.  In  addition  the  PDP  11/34 
Is  linked  to  a  VAX  11/780  to  handle  heavy  processing  of  large  matrices  involed  by  image  analysis.  A  soft¬ 
ware  package  specially  developed  in  Marco  II  assembly  language  permits  the  access  of  the  DIP  system  by 
Fortran  programs. 

1.3.2  Typical  results 

The  optical  response  of  the  whole  imaging  system  is  accounted  for  by  recording  before  each  test  a 
suitable  illumination  reference  obtained  by  flooding  the  test  section  with  oil  smoke  such  that  the  marker 
density  is  uniformly  distributed.  Figure  3  shows  a  typical  digitized  reference  image  displayed  with  16 
pseudo-colours  with  increasing  gray  levels  from  left  to  right.  Such  final  reference  image  has  been  obtained 
after  using  a  one  dimensional  FIR  low  pass  filter  based  on  51  points  with  a  Hamming  window  function.  This 
image  reflects  firstly  the  effect  of  the  Gaussian  distribution  of  the  incident  light  (horizontal  variations) 
and  secondly  the  focussing  effect  of  the  spherical  lens  used  in  the  optical  setup  (vertical  profile).  It  is 
worth  noting  that  all  the  useful  numerical  pictures  are  processed  with  the  same  digital  filter,  the  modular 
transfer  and  the  Impulse  response  functiond  of  which  are  plotted  in  figure  4  and  corrected  by  the  correspond¬ 
ing  reference  image. 
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FIG.  J  -  RESPONSE  OF  IMAGING  SYSTEM 

The  laser  sheet  is  moved  transversely  along  the  y-dl recti on  to  scan  the  Jet  according  to  nine  different 
vertical  longitudinal  cuts.  The  nine  resulting  digitiltd  images  shown  in  figure  5  portray  the  spreading  o f 
the  mining  field,  each  colour  is  assigned  to  an  isoconcentration  contour  A  first  feature  of  interest  is 
the  concentration  In  the  plane  of  syiwaetry  (y«0).  The  centerline  concentration  profile  in  this  plane  is 
plotted  in  normalized  form  in  figure  b.  The  measurements  from  the  optical  technique  ar#  compared  to  the 


FIG.  4  -  ONE  DIMENSIONAL  FIR  FILTER  (51  POINTS) 


FIG.  5  -  DIGITAL  IMAGES  OF  THE  FREON  JET  (256  GREY  LEVELS) 


measurements  performed  with  a  single  point  hot  wire  sensor  (Ref.  2)  In  the  range  of  distance  20-35  nozzle 
diameters.  Good  agreement  is  observed.  However,  poor  repeatabil 1 ty  is  found  in  the  initial  region  of  the 
jet.  The  reason  invoked  emphasizes  the  eventual  too  high  tracer  density  which  leads  to  partial  extinguishment 
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of  th*  laser  sheet  as  we  1 1  as  the  brvak  t nq  (.orsdltloh* 
of  the  i odepertden t  scattering.  Th#  nine  pictures 
presented  tr*  figure  Lj  are  grouped  In  l  tri -dtaent  Iona  1 
watris  which  is  scanned  to  afford  isoconcentration 
lines  In  the  section  nonaal  to  the  flow  Typical  wap 
gf  isoplets  is  snown  in  figure  *,  emphans  is  again 
placed  on  the  comparison  between  the  two  measurement 
techniques  In  the  center  or  cor#  of  the  jet  the 
agreement  between  the  optical  and  hot  wire  measure' 
went*  is  satisfactory  Moving  towards  the  peripher, 
of  the  jet,  the  results  become  slightly  different 
Presumably  In  this  region  the  probe  affects  the  mix- 
>ng  process  because  the  aspirating  velocity  of  the 
concentration  sensor  Is  larger  than  the  actual  veto 
cit,  in  the  mixing  field.  The  extra  amount  of  air 
added  to  the  actual  mixture  leads  to  measure  lower 
concentration  at  the  edges  of  the  Jet  with  the  hot 
wire  sensor. 

1  4  Cone luslons 

An  optical  technique  to  measure  the  two  dimen¬ 
sional  concentration  field  Is  presented.  The  prin¬ 
ciples  of  the  technique  rely  on  the  measurement  of 
the  light  scattered  by  markers  seeding  the  flow 
field  The  Illuminating  plane  Is  produced  by  laser 
tomography  The  optical  two  dimensional  signal  Is  MG  ‘  cow>arison  of  ISOlONClhTRAT ION  Uhls  V 
sampled  to  reconstruct  digitized  pictures  of  the  x,D  •  3?  '•  \  AFTi»  OPUtAi  TiCHhlQUi  , 

flow  field  which  are  analyzed  by  using  DIP.  This  -•  afti  R  SlhGU  POlhT  *ASlHU*ktm 

non-mtrusive  technique  is  compared  to  a  single 

point  measurement  technique  bated  on  the  hot  wire  principle  in  the  case  of  wining  properties  of  a  freon  jet 
In  a  co-flowing  air  stream.  Good  agreement  is  observed  between  the  two  types  of  weasureemntv  in  the  center  of 
the  jet.  However,  the  results  describing  the  initial  region  of  the  jet  show  that  the  optical  method  is 
sensitive  to  density  of  the  tracers  at  the  source,  that  Is.  to  independent  scattering  conditions  an<j  partial 
extinguishment  of  the  Incident  light. 

2.  HUT  TRANSFER  CHARACTERISTICS  OF  IMPINGING  JETS 
?.l  Introduction 

Impinging  Jets  are  often  encountered  In  processes  where  heat  and/or  mss  transfer  prevail  because  of 
their  ability  to  produce  high  local  transport  coefficients. 

Some  of  their  more  Important  applications  are  the  annealing  of  metals,  the  tempering  of  glass  sheets, 
the  drying  of  paper  and  textiles  and  the  cooling  of  turbine  blades.  A  problem  of  Interest  is  also  the 
direct  Interaction  uf  the  propulsion  jet  with  the  flaps  In  the  case  of  STOL  aircraft. 

The  basic  configuration  generally  Investigated  1$  the  single  Jet  Impacting  normally  on  a  flat  plate 
(Refs.  13-23).  In  some  applications  the  Jet  may  be  oblique  either  because  of  constraint  on  the  nozzle 
position  or  deflection  by  cross  flow  before  the  Impingement  (Refs.  31,  49).  However,  practical  considera¬ 
tions  lead  to  study  array  of  Jets  emphasizing  the  effect  of  the  mutual  Interference  of  the  nearby  jets 
(Refs.  32-38,  50). 

Different  experimental  techniques  have  been  processed  to  determine  the  local  and  the  average  heat  trans¬ 
fer  coefficients  on  the  target  surface.  Most  of  the  experimental  procedures  are  based  on  the  use  of  heated 
or  cooled  flat  plate  Instrumantod  with  temperature  sensors  and/or  calorimeters  (Refs.  13,  14,  20,  21,  24 
32,  34,  37,  49,  50).  Mass  transfer  analogy  Involving  water  evaporation  (as  Schiunder  &  Krotzschref  reported 
In  Ref.  36)  or  naphtalene  sublimation  (Refs.  31,  35}  or  diffusion  controlled  electrolysis  (Ref.  19)  Is  also 
adopted.  The  technique  which  Is  presented  in  this  paper  belongs  to  the  visualization  class  as  that  developed 
by  Goldstein  &  Timmers  who  utilized  heated  plate  covered  by  liquid  crystals  substance  (Ref.  38).  It  mainly 
relies  on  the  utilization  of  constant  emlsslvlty  heat  flat  foil  the  temperature  of  which  is  measured 
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with  «  tharwograpnic  system.  The  recent  progress  made  In  Infrared  imaging  systems  coamwrclal !y  available 
[Refs.  39-44}  has  significantly  initiated  the  development  of  thermographic  techniques  for  dealing  with  fluid 
flc*  problems  (see  for  instance  44-47).  One  of  Its  advantages  apart  from  the  non-intrusive  character  that 
it  owns,  is  that  the  resulting  thermograms  can  be  fruitfully  analyzed  by  means  of  dioital  imaoe  processing. 
The  method  is  exemplified  through  revised  experimental  result-  of  investigations  of  single  oblique  jet 
(Ref  *9)  and  array  of  to4  iuear  Jets  (Ref.  *.>0)  carried  out  at  VKI. 

. i  lest  apparatus  and  experimental  procedure 

A  sketch  of  the  experimental  setup  is  shown  in  figure  B.  Compressed  air  is  supplied  from  a  regulated 
7  bar  line  The  air  flow  rate  is  measured  by  means  of  a  rotameter  before  it  enters  in  a  plenum  chamber 
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where  fluid  tempera tore  is  measured 
The  air  jets  are  issued  from  conver¬ 
gent  type  brass  noz/lfs  with  0.01  m  v/VI, 

(single  jet  tests)  or  0.008  m  (co¬ 
ll  near  jet  tests)  exit  diameter. 

The  quality  of  the  velocity  profile 
produced  by  the  nozzles  ..an  be 
appreciated  in  figure  9. 

4  constant  heat  flu*  flat  plate 
of  0. 56-0. 51  *  is  constructed  froro  a 
circuit  board  -  EGS  10?  type  GE  - 
made  of  35  micrometers  copper  foil 
coated  by  an  epoxy  FR-4  sheet  of 
0.0015  m  thick.  The  insulating  face 
of  the  plate  is  painted  black  uni¬ 
formly  and  exposed  to  the  impin 
flow.  The  copper  face  of  the  p 
is  machined  to  cut  lengthwise 
grooves  of  0.003  m  forming  a  rectang¬ 
ular  wavy  continuous  strip  which  is 
connected  to  an  AC  power  source  con-  FIG.  9  -  VELOCITY  PROFILE  IN  AIR  JETS 

trolled  by  yarlac  and  measured  by 
abater  and  vo I  teeter .  Back  and 

edp  conduction  loss*',  are  mlnlalied  by  embedding  the  heating  surface  In  a  styrofoam  packed  pine  wood 
allowing  for  lateral  thermal  expansion. 

The  black  heated  plate  Is  sampled  by  a  video  Infrared  camera  of  Intrametrics  5Z5  type  which  allows  only 
relative  temperature  measurement  (the  minimum  detectable  temperature  difference  provided  by  this  tanging 
radiometer  system  Is  0.3“C).  Thus,  some  copper-constantan  junctions  are  mounted  flush  and  uniformly 
distributed  In  the  epoxy  jet  feeing  layer  to  provide  Information  for  the  determination  of  the  absolute 
F*W>*rsture-1ntens1ty  calibration  curve  of  the  thermograms.  The  Infrared  pictures  are  recorded  on  video 
tape  replayed  frame  by  frame  for  analysis  by  the  aforepresented  DIP  system  (cfr.  §  1.3.1). 

The  principle  of  the  technique  demands  to  adjust  a  constant  energy  dissipation  per  unit  area,  q*.  from 
Joule  heating  and  to  measure  the  local  distribution  of  the  surface  temperature  Impacted  by  the  air  jets. 

The  loct!  heat  transfer  coefficient,  h*.  Is  calculated  from  the  conventional  relationship  : 
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where  qjoss  represents  the  heat  loss  Including  conduction  and  radiation  effects.  It  turns  out  that  qios*  ts 
generally  less  than  3%  of  the  total  heat  flu*.  Tjr  Is  the  air  recovery  temperature  which,  for  most  of  the 
present  experimental  tests,  does  not  differ  significantly  from  the  temperature  measured  in  the  plenum 
temperature . 


2.3  Typical  results 

For  each  test,  a  time  of  about  10  min  is  allocated 
to  ensure  the  steady  state  conditions  be  reached  before 
recording  the  Infrared  image  and  the  camera  is  tilted 
(see  Fig.  8)  in  order  to  visualize  all  the  target  with¬ 
out  being  masked  by  the  jet  nozzle  system. 

Figure  10  shows  a  typical  unprocessed  digitized 
infrared  picture  (displayed  in  pseudo  colours)  of  the 
inpaction  area  of  a  normal  single  jet  onto  the  heated 
flat  plate.  The  analog  signal  Is  digitized  in  64 
discrete  Intensity  levels  since  the  IR  camera  output 
is  presently  a  6-bit  signal.  In  a  first  step  a 
spatial  warping  technique  for  image  restoration  is 
applied  to  correct  the  distortion  effect  due  to 
camera  tilting  angle  (Ref.  51).  In  a  second  step  the 
redressed  image  is  enhanced;  a  digital  noise  cleaning 
algorithm  based  on  a  low  pass  convolution  masked  is 
adopted  (Ref.  52). 

The  convolution  3  by  3  array  H  of  low-pass 
form  utilized  is  ; 
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FIG.  11a 


FIG.  11c 


FIG.  11  -  TYPICAL  RESTORED  &  FILTERED  THERMOGRAMS 


FIG.  10  -  DIGITIZED  NO-RESTORED  THERMOGRAM 
FOR  NORMAL  IMPINGING  JET 


OUT (ml .m2 )  «  I  1  INP(nl ,n2)H(ml-nla 1  ,m2-n2+l)  (3) 

nl,  n2 

In  a  third  step  the  grey  intensity  distribution  of  the 
noise  smoothed  images  are  calibrated.  The  average  in¬ 
tensity  of  a  smal 1  4  by  4  pixel  area  centered  on  the 
position  of  selected  thermocouples  Is  calculated  by  the 
DIP  system  and  related  to  the  corresponding  temperature 
through  a  polynomial  curve  fitting  procedure. 

Typical  restored  and  calibrated  digital  images  are 
shown  in  figure  11.  They  afford  quantitative  visualiza¬ 
tion  of  the  thermal  field  of  the  heated  flat  plate  for 
the  single  normal  jet  (Fig.  11a),  a  30  degree  inclined 
jet  (Fig.  lib),  and  three  co-llnear  jets  (Fig.  11c). 

Note  In  figure  11c  only  a  view  of  the  center  and  outer 
jet  Is  presented. 

The  wall  temperature  contours  so  determined  from 
infrared  pictures  are  reduced  in  terms  of  the  local 
Nusselt  number  distributions.  A  typical  spanwise  Nu' 
profile  for  normal  round  jet  is  plotted  in  figure  12; 
the  nozzle-plate  spacing  is  two  orifice  diameters 
(2/d  «  2)  and  the  Reynolds  number  Re<j  is  40000. 

Figure  12  compares  the  present  measurements  to  the  data 
obtained  by  means  of  the  liquid  crystal  technique  (Ref. 
38)  which  appear  to  be  30%  lower.  In  spite  of  this 
ascertainment  it  can  be  concluded  that  similar  trends 
are  observed.  In  particular  the  minimum  local  heat 
transfer  coefficient  occurring  at  the  stagnation  point 
is  a  characteristic  of  this  flow  configuration  (z/d  *  2) 

It  Indicates  that  the  mixing- induced  turbulence 
has  not  penetrated  to  the  center  of  the  jet.  Only  the 
potential  core  of  the  jet  impacts  onto  the  stagnation 
region  because  of  the  small  nozzle- to- target  spacing. 
However,  it  is  remarked  that  more  Informations  are 
available  on  the  thermographic  Nu-profile.  The  set  of 
distinct  humps  symmetrically  shared  on  the  profiles  are 
noteworthy  and  in  full  agreement  with  the  mass  transfer 
data  produced  by  Koopman  &  Sparrow  (Ref.  35)  and  the 
results  obtained  by  Gordon  &  Akfirat  with  a  two 
dimensional  air  jet  (Ref.  33).  On  the  other  hand  they 
corroborate  the  shear  stress  measurements  performed  by 
Kamoi  &  Tanaka  (Ref.  27)  and  support  the  numerical 
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simulations  achieved  by  Amano  (Ref.  22). 
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FIG.  12  -  SPANWISE  Nu-PROFILE  FOR  NORMAL  ROUND  JET  FIG.  13  -  EFFECT  OF  THE  INCLINATION  ANGLE  ON 

THE  MAXIMUM  NUSSELT  NUMBER 


Figure  13  deals  with  the  effect  of  the  jet  inclination  on  the  maximum  value  of  the  heat  transfer 
coefficient.  The  ratio  Nu*  of  the  Nusselt  number  of  oblique  jet,  Nu(a,Re(j),  to  the  Nusselt  number  of  a 
normal  jet,  Nu(90,  Red),  determined  for  the  same  flow  conditions,  is  plotted  versus  the  tilt  angle  of  the 
nozzle,  a,  counted  with  respect  to  the  plate.  The  modest  data  scatter  observed  in  figure  13  enables  to 
presume  that  Nu*  does  not  depend  on  the  Reynolds  number  in  the  range  investigated  ( 10000- Red' 65000) .  The 
<Nu*>  values  calculated  on  averaging  areas  are  compared  well  to  the  Sparrow  &  Lovell  mass  transfer  data 
(Ref.  31)  as  shown  in  figure  14  which  in  addition  emphasizes  the  net  effect  of  the  z/d  parameter  on  the 
heat  transfer  coefficient. 


FIG.  14  -  EFFECT  OF  THE  INCLINATION  ANGLE  a  ON 
THE  AREA  AVERAGED  NUSSELT  NUMBER 
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FIG.  15  -  LOCAL  Nu  DISTRIBUTION  ALONG  THE  CENTER- 
LINE  OF  CO-LINEAR  JETS 


Figure  15  gives  a  typical  Nu  number  distribution  in  the  case  of  three  co-1 inear  jets  produced  by 
nozzles  distant  by  four  orifice  diameters  and  located  at  two  diameters  from  the  plate.  The  flow  conditions 
are  characterized  by  a  Reynolds  number  of  each  jet  equal  to  22000.  The  Nu-profile  plotted  along  the  central 
impingement  line  is  limited  to  the  region  including  the  inner  and  one  of  the  outer  jets  (as  seen  in  Fig.  11c). 
Again  in  full  agreement  with  published  data  (Refs.  33,  35,  38),  a  secondary  maximum  of  Nu  number  occurs  midway 
between  the  two  adjacent  vertical  jets  due  to  the  collision  of  the  two  wall  spreading  flows.  This  thermal 
behaviour  is  corroborated  by  static  pressure  measurements  (Ref.  50)  suggesting  that  even  in  this  type  of 
complicated  flow  interaction  a  possible  analogy  between  momentum  and  heat  transfer  could  hold.  It  is  also 
worth  noting  that  local  minimum  of  the  heat  transfer  persists  anew  at  the  stagnation  point  with  more  predo¬ 
minance  for  the  center  jet  as  observed  by  Sparrow  &  Timmers  (Ref.  38).  However,  when  the  nozzle-to-plate 
distance  is  increased  the  secondary  Nu  maxima  and  minima  vanish  and  each  jet  tends  to  form  rather  a  bell 
shaped  Nu-distribution  as  depicted  in  figure  16. 
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2.4  Conclusions 

A  thermographic  technique  to  determine  the 
local  heat  transfer  coefficient  from  impinging  jets 
on  to  a  flat  plate  is  presented  and  illustrated  by 
typical  results  of  single  round  oblique  jets  and 
array  of  three  co-1 inear  jets. 

The  experimental  procedure  relies  on  the 
digital  processing  of  the  infrared  pictures  of  the 
uniformly  heated  target.  This  non- intrusive  vis¬ 
ualization  technique  allows  to  reproduce  and  quan¬ 
tify  all  the  effects  of  the  flow  parameters  on  the 
heat  transfer  coefficient. 

Associated  with  information  recording  and  pro¬ 
cessing  systems  the  infrared  imaging  system  appears 
to  be  a  powerful  tool  for  research  in  fluid  dynamic 
prob 1 ems . 


3.  GENERAL  CONCLUSIONS 
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FIG.  16  -  LOCAL  Nu  DISTRIBUTION  ALONG  THE  CENTERLINE 
OF  CO-LINEAR  JETS 


The  present  paper  emphasizes  the  potential  of  flow  visualization  techniques  when  associated  with 
digital  image  processing.  The  non-intrusive  nature  and  the  possibility  of  two  dimensional  instantaneous 
measurements  offered  by  such  an  experimental  approach  are  illustrated  by  applications  to  the  study  of  the 
mixing  properties  of  a  gas  jet  and  the  heat  transfer  characteristics  of  impinging  jets. 

In  both  of  these  examples,  the  DIP  data  compare  well  with  results  obtained  by  means  of  conventional 
measurement  methods.  The  limits  of  the  "imaging"  techniques  are  generally  fixed  by  the  quality  of  the  flow 
picture.  A  promising  future  of  this  measurement  technique  in  the  field  of  fluid  dynamics  is  foreseen. 
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•*ea«:,*a«enr  -f  r  hr  properties  of  reacting  flows,  in  simple  geometries  as  well  as  in  gas  turbines 
'»t>n « •  > «  »  avr  4*een  pet  formed  bv  several  authors  using  different  techniques,  the  common  goal  beeing  the 

<e'a:’.ed  knowledge  --f  the  turbulent  transport  mechanisms. 

-v*r  present  program  of  work  Includes  the  study  of  turbulent  reacting  inte'Tial  flows,  directly 

•  r  I  a r  e  d  ti  Ca«  turbine  combustors,  the  work  reppo.  ted  here  concentrates  on  a  simpler  flow,  a  hot  air  jet, 

!  r  -r.let  that  the  technique  under  study  be  first  tested  without  the  interference  of  errors  and  problems 
•hat  are  associated  with  a  reacting  flow  measurement,  namely  those  originated  by  the  presence  of 

*  artist  ion  and  catalytic  effects,  probe  life  and  minimum  wire  diameter,  deposition  of  seeding  particles  on 
r  he  t  her  mo c ouple - 

""here  are  a  number  of  questions  to  be  clarified  with  the  help  of  experiments  in  a  hot  air  jet  that 

will  set  the  basis  for  the  work  on  the  second  phase  involving  combustion. 

The  two  different  fluids,  hot  air  and  cold  air,  Identified  by  their  temperature  signature  in 
association  with  conditional  sampling  can  be  studied. 

The  lime  constant  of  the  thermocouple  Is  a  function  of  pressure,  local  temperature  and  velocity  and 
to  a  lesser  extent,  composition. 

The  testing  of  the  technique  of  co-relation  of  a  continuous  and  a  discontinuous  signal,  the  effe%* 
of  separation  of  the  two  measuring  volumes,  I.  DA  and  thermocouple,  on  the  values  of  correlation  was 
studied. 


EXPEH  IHENTAI.  SET  UP 

The  velocity  measurement  s  were  made  with  a  laser  doppier  veloclmeter  and  the  t  empe  r  a  t  u  r  e  was 

evaluated  with  fire  wire  thermocouple* -  The  arrangement  of  the  experimental  apparatus  Is  shown  fr  rtf 

The  LDA  system  used  was  of  the  forward  scatter  light  type,  comprising  a  2  watt  <'pertra  Pi  v«i.  *  »**.>»• 
laser,  an  OEI  optical  unit  with  two  Bragg  cells  to  frequency  shi't  the  beams  and  a  > 1  iNm  focal  len»- ► 
lens . 

The  photomultiplier  signal  was  band  pass  filtered  and  subsequently  analysed  bv  t  frnpiei.  >  * 

Interfaced  to  an  Apple  II  microcomputer.  The  counter  allowed  frequency  <- p«par  i  ton  her  ween  a  •  • 

within  each  bur#t  and  the  frequency  comparator  circuit  was  used  with  the  narrows* 

guaranteeing  the  absence  of  significant  errors  In  the  asaasurefje.it  of  frequency  ‘he  ♦  ►- 

outputs.*  a  digital  and  an  analogue  one. 

The  digital  output  was  in  fluctuating  point  form  of  two  elgth  M*  word*  *  1  •  *  '  ’• 4  •  - 

microcomputer  when  a  new  valid  velocity  measurement  has  been  made  'M» 
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l,  memory  and  th«  micro  waits  for  a  new  aMiuraamt.  This  output  vai  used  to  built  the  velocity  histogram 
that  was  the  baae  to  evaluate  the  Nan,  the  r.m.s.  and  the  p.d.f.  (no  tlN  Information  was  obtained). 

The  voltage  from  the  analog  output  was  proportional  to  the  frequency  of  the  doppler  algnal  .  Thle 
voltage  value  was  kept  conatant  until  a  new  valid  Maiureant  haa  been  made.  Thle  output  vaa  anallaed  by 
the  microcomputer  throught  an  analog/digital  converter  and  uaed  to  evaluate  the  velocity  power  apectra 
and  autocorrelation.  Pig.  2  ahowa  two  curvea  of  velocity  veraua  tine  obtained  from  the  analog  output  in 
two  different  aituationa,  curve  (a)  with  a  high  nuaber  of  valid  algnala  and  curve  (b)  when  a  few  aeedlng 
partlclea  are  preaent  in  the  flow. 

The  temperature  ateaurnenta  were  obtained  vlth  a  5  pm  diameter  thermocouple  Platinum  veraua 
Platinum  +  131  Rhodium.  The  output  voltage  vaa  amplified  100  tinea,  analogue  compenaated  and  dlgltallaed 
by  an  analogue/dlgltal  converter  Interfaced  vlth  the  microcomputer. 

The  A/D  converter  allova  a  maximum  sampling  rate  of  12  kHc.  The  input  algnal  la  transformed  into  a 
12  bit  word. 

As  the  voltage-temperature  relation  of  the  thermocouple  was  non  linear  son  care  waa  needed  in 
building  the  temperature  histogram.  A  table  of  voltages  corresponding  to  equal  temperature  Intervals  was 
built  and  used  to  Nke  the  temperature  histogram. 

To  store  the  data  two  140Kb  diskettes  were  available  a a  veil  as  Racal  7700  magnetic  tape  unit,  which 
allowed  the  storage  of  significative  amounts  of  data  also  uaed  to  Interface  vlth  other  computers  in  other 
to  get  shorter  processing  tlNa  of  the  recorded  data. 


MEASUREMENTS 

When  Naaurlng  the  velocity  vlth  an  LOA  system  the  sampling  Tate  will  depend  usualy  on  the  number  of 
valid  doppler  signals  detected  by  frequency  counter  as  was  shown  in  Fig.  2  . 

When  the  tiN  Interval  between  the  arrival  of  two  consecutive  particles  to  the  LDA  control  volume 
was  small  compared  vlth  the  velocity  fluctuations  caracterlstlc  time,  the  analog  output  from  the  counter 
allows  the  evaluation  of  velocity  power  spectra  and  autocorrelations.  Fig.  3  shows  the  evaluation  of  the 
velocity  power  spectra  Nasured  in  the  center  line  of  a  hot  air  Jet  where  velocity  oscllatlons  at 
frequencies  greater  than  100  H*  are  present. 

When  the  arrival  tlN  between  particles  is  greater  than  0.8  ms  this  frequencies  are  not  detected  in 
the  velocity  spectra. 

The  number  of  valid  velocity  signals  is  also  Important  when  Nasuring  the  velocity  temperature 
correlations.  Two  different  conditions  can  happen  in  this  casei 

If  the  number  of  velocity  signals  is  high  then  the  usual  Nthod  to  evalute  the  correlation 
coefficient  can  be  used. 


RuT  <6,4t)  -  U'(r't)-T'<r*S> 


'u'a(r,t).  T'*(r+  6,t) 


-*  <  At  <***> 

in  this  case  a  record  of  simultaneous  temperature  and  velocity  ssasuresants  la  necessary.  This  is 
obtained  using  two  sample  and  hold  modules,  one  to  the  temperature  and  another  to  the  velocity.  Fig.  4 
shows  acaiareNRts  side  In  a  hot  air  jet,  470  C  outlet  temperature  and  14m/e  outlet  velocity.  The 
velocity  Is  Nasured  at  the  centre  line,  one  dlaNter  from  the  outlet  and  the  temperature  is  measured  at 
the  seat  axial  distance  but  at  r/D  ■  0.5. 

This  record  allows  also  the  evaluation  of  the  temperature  and  velocity  spectra  that  are  shown  in 
Fig.  5  .  This  curves  are  the  Nan  of  10  sets  of  1024  values  each  Nasured  with  a  5kHs  sampling  rate. 

Figure  6  shows  the  Rut  coefficient.  The  commom  frequency  to  both  signals  is  240Hs  as  it  haa  been 
previously  detected  in  the  U  and  T  spectra,  with  a  fase  difference  of  almost  90  degrees. 

These  records  allow  also  the  evaluation  of  the  velocity  temperature  Joint  probability  distribution. 
This  curve  la  shown  In  Fig.  7. 

The  son  results,  measured  at  Z/1^2,  are  shown  In  Fig.  9,  9,  10.  Tha  results  are  equally  good,  l.e., 
the  time  description  of  the  velocity  signal  Is  also  good. 

When  tha  velocity  la  measured  In  a  region  where  the  mmber  of  particles  is  not  enough  to  describe 
the  flow  oscllatlons,  another  Nthod  mat  be  used  to  evaluated  the  Rut  coefficient.  This  Nthod  will  be 
described  now. 

When  a  valid  velocity  measurement  is  detected  by  the  microcomputer,  l.e.,  the  flag  la  turned  on, 
then  the  sampling  of  temperature  values  begins  and  la  stored  In  the  Apple  memory.  When  the  buffer  is  full 
the  velocity  and  temperature  values  are  recorded  la  tha  Racal  magnetic  tape  and  a  new  clcle  begins.  This 
procedure  Is  repeated  800  times. 

The  correlation  coefficient  is  evaluated  according  to  expression  2 
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To  compare  these  two  methods  of  evaluating  the  velocity  temperature  cross  correlation  confident, 
the  Rut  value  was  Measured  at  the  seme  conditions  of  Fig.  6,  10,  based  on  this  new  method.  Fig.  11,12 
shows  the  new  curves.  As  the  teaperatures  are  aeasured  after  the  aeasureaent  of  a  velocity  value,  only 
for  positive  tlae  delays  is  possible  to  calculate  the  curve.  They  agree  quite  well  with  the  previous  ones 
evaluated  according  to  expression  1. 

As  the  number  of  particles  in  the  outer  region  of  the  jet  is  saall,  the  usual  aethod  used  to 
evaluate  the  Rut  coefficient  will  not  be  recoaended.  The  aethod  based  on  expression  2  will  be  better  and 
with  this  method  a  radial  displacement  of  the  velocity  control  voluae  Is  possible.  Fig.  13  shows  the 
variation  of  Rut  when  the  velocity  control  voluae  Is  displaced  along  the  Jet  radius  CX/D“1). 

Due  to  the  physical  limitation  of  having  a  solid  probe  (the  thermocouple)  that  would  interfler  with 
the  laser  beams.  It  is  impossible  to  aeesure  the  velocity  and  teaperature  at  the  saae  special  position 
end  then  evaluate  the  cross  correlation  coeflclent  at  this  conditions.  The  alniaua  distance  between 
control  volumes  is  about  1  m. 

To  aake  the  correct  poaltloneaent  of  both  control  voluams,  the  laser  beaas  are  focused  on  the 
thermocouple  junction.  This  corresponds  to  a  high  temperature  reading  that  confirms  the  coincidence  of 
both  control  volumes.  Then  the  laser  Is  displaced  to  Che  aeasurlng  position. 


THERMOCOUPLE  TIME  CONSTANT 

The  teaperature  was  aeasured  with  a  15u«  thermocouple.  This  thermocouple  diameter  Is  adequate  to 
amasure  In  the  air  jet  temperatures  because  It  has  a  long  life  time  and  has  also  the  advantage  of  having 
a  email  time  constant,  l.e.,  the  thermocouple  tlae  lag  is  quite  small,  around  5ms  which  allows  the 
detection  of  teaperature  fluctuations  up  to  1  kHr. 

The  thermocouple  time  constant  was  evaluated  with  a  heating  step  method  described  in  Nine  end  Pita 
(1985).  As  it  has  been  then  noted  the  analogue  compensation  will  impose  a  mean  time  constant  to  be  used 
with  the  consequences  that  have  been  also  pointed  out  there. 

The  Influence  of  the  thermocouple  time  constant  on  the  Ru,t  coefficient  curve  is  shown  In  Fig.  14  . 
Measurements  are  made  at  X/D-l,  radial  velocity  at  R-5am  and  temperature  at  R-^mm.  The  measured  time 
constant  using  the  D.C.  heating  technique  was  5.3ms. 

The  Rut  values  obtained  without  compensation  of  the  thermocouple  output  signal  are  small,  less  than 
0.2  and  are  always  positive.  Also  the  measured  fsse  difference  between  the  velocity  and  temperature 
oscllatlons  Is  larger  then  that  measured  with  the  compensated  signals.  In  this  case  the  different  tlae 
constants  used  do  not  alter  the  sMasured  fase  difference  between  the  two  signals.  The  Rut  values  suffer 
significative  changes  only  when  the  value  of  varies  between  2.3  and  7.3ms.  For  greater  values  of  the 
main  differences  in  Rut  curves  appears  only  for  tlat  dalays  greater  than  3as . 


CONCLUSIONS 

For  low  seeding  rate  situations,  a  aethod  was  devised  to  correlate  the  discontinuous  signal  from  LDA 
and  the  continuous  thermocouple  output. 

The  results  of  correlation  of  velocity  and  teaperature  by  this  method  were  found  to  be  In  good 
agreement  with  those  obtained  by  current  methods  when  applied  In  highly  seeded  flow  regions. 

The  fluctuating  flow  temperature  was  evaluated  by  analogue  compensated  thermocouples  end  the  effect  of 
the  magnitude  of  this  compensation  was  observed  both  on  phase  and  amplitude  of 
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DISCUSSION 


A.MdHng,  UK 

Considering  that  the  velocity  and  temperature  are  not  measured  at  the  position,  what  is  the  significance  of  your 
velocity-temperature  correlations  Rirr? 

Author’s  Reply 

The  significance  and  interest  of  a  velocity-temperature  correlation  depend  on  the  type  and  region  of  flow  under  study. 
In  our  case  we  were  looking  at  temperature  fluctuations  due  to  jet  entrainment  and  velocity  fluctuations  in  the  jet 
potential  core.  Comparison  between  obtained  at  different  locations  in  the  flow  gave  information  about  phase 
differences  and  correlations  intensities. 

Comment 

We  have  used  here  a  rather  abnormal  jet.  The  jet  has,  as  we  have  seen,  a  frequency  of  around  250  Hz  and  if  we  use  two 
thermocouples,  the  inner  thermocouple  would  not  tell  anything  because  the  temperature  incoming  from  the  jet  potential 
core  is  uniform.  So,  what  we  are  looking  at  is  some  structures,  located  outside  of  the  jet  and  in  fact  who  are  making  the 
turbulence  or  the  fluctuating  temperature  driving  because  it  was  the  mixing  structures  between  the  inner  jet  and  the 
outside  atmosphere. 
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I  would  like  to  thank  Mr  Stewart  for  inviting  me  to  sum  up  this  very  interesting  session  on  tip  clearance  measurement. 

This  forum  of  AGARD  has  seen  and  indeed  stimulated  the  development  of  a  number  of  new  measurement  techniques. 
The  examples  of  optical  thermo:  ietry  and  optical  velocimetry  come  particularly  to  mind.  There  is  now  an  extensive  corpus 
of  information  which  allows  us  to  judge  the  capabilities,  limitations  and  applicability  of  these  techniques.  The  techniques 
have  given  rise  to  a  complete  new  philosophy  of  measurement  which  is  being  well  researched  and  documented. 

The  presentations  we  have  heard  today  form  a  welcome  addition  to  the  record  of  development  of  methods  for 
measuring  the  physical  behaviour  of  the  mechanical  elements  that  form  the  turbomachine. 

The  excellent  paper  from  Dr  Knoell  has  shown  the  systematic  approach  that  must  be  taken  in  applying  such  techniques 
and  in  their  calibration.  His  charge  coupled  system  has  been  shown  to  give  excellent  results  for  temperature  ranges  in  the 
compressor  region  of  the  machine. 

Dr  Demers,  by  contrast  has  chosen  a  frequency  modulation  phase  detection  system  that  has  the  potential  to  operate  in 
more  severe  environments  with  inherent  noise  rejection  advantages.  Variants  of  this  system  have  been  adopted  by  several 
companies,  including  Rolls  Royce,  and  we  look  forward  to  hearing  of  his  experiences. 

Tip  clearance  measurement  has  now  grown  through  the  four  phases  of  application  maturity:  research,  design,  diagnosis 
and  is  moving  towards  control. 

At  the  research  level  we  are  investigating  the  causes  and  effects  of  varying  aerofoil  to  end -wall  clearances  (both  static 
and  rotating).  We  are  evolving  new  design  codes  to  minimise  and  accommodate  tip  clearance  effects  leading  to  such 
innovations  as  non-circular  casings.  Tools  for  diagnosis  are  becoming  more  and  more  complex  as  we  start  to  understand 
some  of  the  dynamic  influences  at  play.  We  are  also  moving  towards  active  control  with  clearance  measurement  transducers 
in  closed  loop  systems. 

Much  attention  must  also  be  paid  to  the  ways  in  which  information  is  analysed  and  displayed  in  much  the  same  way  as 
we  heard  yesterday  in  the  data  acquisition  papers.  1  hope  that  we  are  not  seeing  a  division  between  the  transducer  engine  and 
the  data  acquisition  engineer.  I  for  one  would  welcome  an  authoritative  view  of  the  techniques  currently  in  use  for  examining 
the  steady  state  and  transient  output  from  such  systems. 

In  designing  our  measurement  system,  we  have  seen  that  we  must  be  prepared  to  make  compromises  according  to  the 
system  priorities.  We  cannot  necessarily  have  low  complexity  (and  hence  high  reliability)  at  the  same  time  as  high  accuracy 
and  high  bandwidth.  Mr  Stewart’s  own  fascinating  presentation  has  shown  us  that  the  achievement  of  results  as  remarkable 
as  his  may  require  capital  facilities  that  would  fall  off  the  end  of  a  performance/cost  graph,  even  on  a  logarithmic  scale. 

In  particular,  it  is  our  duty,  as  measurement  engineers,  to  concentrate  on  justifying  the  confidence  or  “plausibility”  levels 
of  our  measurements.  We  must  develop  a  rigorous  methodology  and  start  to  consider  the  'eed  for  agreed  practices  that  are 
exemplified  by  the  measurement  panel  activities  that  have  been  taking  place  behind  the  scenes  here  this  week. 

I  would  like  to  encourage  bodies  like  AGARD  to  stimulate  more  activity  in  the  areas  of  evaluation,  calibration  and 
assurance,  What,  for  example,  are  we  to  take  as  a  standard  reference  for  our  clearance  measurements?  How  are  we  to 
provide  the  absolute  traceability  of  measurement  that  marks  a  mature  measurement  system. 

I  look  forward  to  future  AGARD  meetings  when  we  can  hear  more  about  the  actual  results  obtained  by  these 
interesting  techniques  and  perhaps  eventually  even  a  report  on  active  closcd-loop-in-flight  clearance  systems. 
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UTILISATION  DES  CAPTEURS  PELLI CULAI RES 
POUR  LA  MBSURE  SUR  TURBOMACHINES 
par 

A.  BruAre,  H.  Portat.  J.C.  Godefroy  at  F.  Hellas 

Office  National  d*  Etudes  at  da  Racharches  Aerospat i ales, 
BP  72.  92322  Chatillon  Cedex,  FRANCE. 


INTRODUCTION 

Dans  la  but  d' accroltre  la  rendement  at  da  reduire  les  nuisances  acoustiques  das 
turbomachines,  il  ast  neceesaire,  parmi  d’  autres  possibilites.  d’ accadar  A  la  connais- 
sanca  das  phenomAnes  physiques  qui  sa  developpent  A  l*  interface  des  aubes  fixes  ou 
tournantes,  avec  la  milieu  gaaeux.  Cette  connaissance  s' appuie  sur  das  mesures  diver- 
sea  :  pressi on.  temperature,  flux  thermique,  turbulence,  contrainte,  etc. 

Les  laboratoires  at  las  constructeurs  ont  montre  la  necessitA  da  maaurar  las  gran¬ 
deurs  physiques  directement  sur  las  profils,  par  intAgration  da  captaurs  A  laur  surface. 

Las  captaurs  tradi tionnels.  m@me  miniatures,  necessitent  un  usinaga  des  parois  du 
profil  pour  permettre  laur  integration.  Cat  usinaga  s' aver#  toujours  delicat.  voira  im¬ 
possible.  II  modifie  les  caract Aristiques  du  profil  du  point  de  vue  mecamque,  thermique 
at  quelquaf oi 8  du  point  da  vue  ae rodynami q ue .  ce  qui  entrains  d' importantes  perturba¬ 
tions  dans  las  mesures  Cl  3. 

Pour  toutas  ces  raisons.  I' ONERA  soutenu  par  la  DRET  (Direction  des  Racharches, 
Etudes  at  Techniques).  a  etudie  une  nouvelle  famille  da  captaurs.  appelAs 
" palli culairas- . 


1.  GENERALI  TBS 

Quatre  types  da  captaurs  pal 1 i cul ai res  ont  Ate  dAveloppes  : 

-  las  captaurs  da  pression  A  detection  capacitive, 

-  les  thermomAtrea  A  tampAratura  da  surface  at, 

-  las  fluxmAtrss  tharmiquas  de  convection,  utilisant  l'affet  t her mo A  lac t r i qua  qui  prend 
naissanca  A  la  jonction  da  deux  mAtaux  ou  slliagas  deposes  en  couches  minces, 

-  las  captaurs  d' analyse  da  la  coucha  limite  d' un  Acoulement  aArodynami qua.  utilisant  la 
variation  da  la  rAsistivite  d'  un  metal  an  fonction  da  la  temperature. 

Las  propriAtAs  communes  A  tous  cas  captaurs  sont  las  suivantas  : 

-  Apaissaur  maximal#  hors  tout  80  urn, 

-  intAgration  sur  las  parois '4  instrumenter  par  collage,  sans  nAcessiter  d'  usinaga, 

-  possibilitA  da  rAalisation  da  plusiaurs  cartaurs  sir  un  m6me  substrat,  Avitant  ainsi, 

lore  d* assais  aArodynami quas ,  les  perturbations  da  1* Acouiement  provoquAes  par  das 

sur-Apaiasaura  locales,  liAas  A  1’ implantation  da  plusiaurs  captaurs  diatincts  la  long 
du  profil, 

-  dimensions.  gAomAtria  das  AlAments  sanaiblas  at  rApartition  de  ceux-ci  sur  la  sub¬ 
strat,  sdaptAs  sux  besoms  mAt  rologi  quas. 

La  possibilitA  da  rAalisar  cas  diffArents  types  da  captaurs  pal 1 i culsi res  rAsulte 

da 

-  1* existence  da  diAlectrique  an  feuille  soupla  da  Kapton  (Dupont  da  Nemours),  choisi 
pour  sa  di  spom  bi  li  tA  an  faibla  Apaissaur  (6  A  100  t*m)  at  pour  ss  bonne  tenue  an  tempA- 
rstura  (  300*  C) , 

-  Is  miss  an  oeuvre  das  techniques  d'  Evaporation  sous  vide,  ou  da  pul vAr 1 ss 1 1 on  cetho- 
diqua,  pour  rAalisar  an  couches  minces  (Apaissaur  0,2  m*i)  ,  las  parties  mAtslliquas  das 
AlAments  tangibles  at  las  conducteurs  schsminsnt  Is  signal, 

-  la  possibilitA  d'obtenir  das  films  da  colle  da  trAs  faibla  Apaissaur  (244  vmM  pour 
assembler  plusiaurs  fauillss  ds  Kapton. 
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2.  CAPTBURS  PELLX CULAIRES  DB  PRESSION 

D«ux  types  d«  capteur  pelliculaire  de  pression,  qui  utilisent  une  variation  de 
capacity,  ont  AtA  dAveloppAs. 

La  premier  type  utilise,  comma  element  sensible,  une  feuille  de  didlectrique  en 
Kapton.  Ce  matAriau  permet  de  fonctionner  sous  trAs  fortes  pressions  statiques. 

Le  second  type  utilise,  comme  element  sensible,  1' air  emprisonne  dans  des 

micro-cavi tAs  ;  ce  transducteur  procure  une  plus  grande  sensibilitA  que  le  prAcAdent 

2. 1  Principe 

Ce  capteur  est  un  dAtecteur  de  type  capacitif,  dont  1'  element  sensible  est  cons- 
tituA  d*  une  feuille  de  diAlectnque  souple,  metallisAe  sur  ses  deux  faces,  formant  ainsi 
un  condensateur  de  capacitA  C  (fig.  1).  Sous  1* action  d* une  variation  de  pression  Ap, 
1'  Apaisseur  m  de  cette  feuille  diminue  d'  une  valeur  Ae.  II  en  rAsulte  une  variation  re¬ 
lative  de  la  capacitA  C  proporti onnel le  a  la  variation  de  pression  [2]. 

*S.  =  -  (1) 

c  e  K 

K  Atant  le  module  de  compression  uniaxial. 

La  capacitA  est  polarises  par  une  source  de  tension  continue  V,  a  travers  une  tres 
haute  impAdance,  et  sous  1* action  d' une  variation  de  pression  une  diffArence  de  poten¬ 
tial  AV  apparait  entre  lea  extrAmitAs  de  cette  impAdance. 

-  *£  (2) 

V  c  K 

En  pratique,  des  circuits  de  garde  aont  disposAs  de  cheque  cdte  de  la  connexion 
"point  chaud"  qui  relie  1' AlAment  sensible  A  1' entree  d’ un  circuit  de  mesure  constituA 
par  un  adaptateur  d' impAdance.  Ce  dernier  polarise  Agalement  les  circuits  de  garde. 


2.2  Description  des  capteurs 
2.2.1.  Captmur  d  diAtmctriqum  sot  id* 

La  structure  de  ce  type  de  capteur  correspond  a  la  representation  de  la  figure  2. 
La  valeur  de  la  sensibilitA  A  1‘ Acrasement  peut  £tre  explicitee  sous  la  forme  : 

AC 

_C  ,  1  .  <  1  ♦o’)  <1  -  20)  (  3 , 

Ap  K  B(  1  -  o) 


a vec  : 

E  :  module  Alastique  du  mitAnau, 
o  :  coefficient  de  Poisson  du  matAriau. 

En  fait  en  milieu  gaseux.  en  rAgime  adiabatique,  A  la  rAponse  A  1’ Acrasement  due 
aux  fluctuations  de  pression  s' ajoute,  dans  le  domains  basse  frequence,  une  rAponse  aux 
fluctuations  de  tempArature  du  gas  induites  par  la  pression.  Cat  effet  secondaire  rend 
diff lcllement  exploitable  la  phase  du  signal  dAlivrA  par  le  capteur.  De  ce  Tait  ce  type 
de  capteur  est  pr i nci palement  utilise  pour  connaltre  la  rApartition  spectrale  des  raies 
de  fluctuation  de  la  pression. 

2.2.2.  Captmur  d  dittmctriqum  gazmux 

Ce  capteur  est  formA  par  des  alvAoles  multiples  dAcoupAes  dans  une  feuille  de 
Kapton  (fig.  3  et  4).  Ces  alvAoles,  remplies  d'air,  sont  fermee  par  deux  autres  feuil- 
les  de  Kapton  portant  les  Alectrodes  qui  constituent  ainsi  1'  AlAment  sensible  capacitif 
La  feuille  supAneure  est  utilisAe  com me  membrane  dAformable. 

Pour  cheque  alvAole,  la  sensibilitA  A  la  pression  a  pour  expression  : 


4  fi. 

c 

Ap 


(■  -  »•) 

16  Ih’f 


a  :  rayon  de  1’  alvAole, 
h  :  Apaisseur  de  la  membrane 
t  :  hauteur  de  1' alvAole, 
c  ■  capacitA  d'  une  alvAole. 
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Pour  Avaluer 
la  capacity  CK  due 
0'  ou 


la  sensibility  globale  de  1*  Element  sensible,  ll  faut  temr  compte  de 
4  la  presence  de  murs  en  Kapton  autour  de  n  alveoles. 


A  c 
C 
&P 


!'  -  ••)  ■' 


X 


nC 

CK  ♦  nC 


(  5) 


La  sensibilite  du  capteur  peut  §tre  adaptee  au  besom  en  choisissant  1’ epaisseur  de 
la  feuille  de  Kapton  constituant  la  membrane  deformable. 

Ce  type  de  capteur  permet  la  mesure  de  1'  amplitude  et  de  la  phase  de  la  fluctuation 
de  preaaion. 


2.3  Carac tAr i st i ques  des  capteurs  de  pression 

Ces  capteurs  ne  deviennent  fonctxonnels  qu'apres  implantation  sur  le  profil  a 
i nst rumenter.  Leurs  Atalonnaqes  doivent  done  Atre  effectues  apres  integration  a  1*  aide, 
par  exemple.  d’  une  petite  cavite.  equipee  d' un  capteur  de  reference,  de  forme  adaptee  au 
profil  et  alimantee  pneumat i q ueme nt  de  facon  convenable. 


CaractAristiques 

Capteurs  A 

Capteurs  a  diAlectrique  gazeux 

diAlectrique  solide 

....... 

Membrane 

Epaisseur  12  pm 

Membrane 
Epaisseur  25  pm 

Sensibility  en 

■ 

Variable  de  2.10"  4  2.10  1  0 

3.10  ’ 

4. 10® 

Bande  passante  (Hz) 

1  4  10! 

1  4  105 

1  4  105 

DAtectivitA  4  1  kHz  (Pa.  Hz*l  J) 

2 

to1 

6  10  1 

(polarisA  sous  100  V) 

(polarisA  sous  10  V)  j 

Epaisseur  du  capteur  (pm) 

80 

92 

TempArature  d'utilisation  (°C) 

. 

0460 

0  4  60 

0  A  60 

2.4  Examples  d'  utilisation 

Lea  capteurs  pe  l  Liculai  res  de  pression  s  diAlectrique  solide  ont  deja  Ate  utilises 
dans  plusieurs  experiences  de  type  industriel. 

L'Aquipement  d'  une  grille  d’aubes  fixe  supersomque  avec  ces  capteurs  a  permis  de 
mettre  en  Evidence  lea  instability  de  l'Acoulement  en  fonction  de  la  valeur  de  la  con- 
tre-pression  en  aval  des  canaux  inter-aubes  C 3 1 . 

L'  integration  de  capteurs  pel  liculai res  sur  des  aubes  mobiles  d'  un  compresseur 
SNECMA  (fig.  5  et  6)  a  permis  d' en  caracteriser  les  sources  de  bruit  [4],  Dans  cette  ex¬ 
perience  lea  aignaux  dAlivres  par  les  capteurs  etaient  amplifies  dans  des  chalnes  de 
mesure  a  grand  gain,  loges  dans  la  partie  tournante  du  compresseur.  avant  d’etre  trans- 
mis  par  un  collecteur  tournant  vers  les  s.ystymes  d'  acquisition.  A  la  Vitesse  maximale  de 
rotation,  lea  accAl Aral  at  1 ons  centrifuges  subies  par  les  chaines  de  mesure  embarquees  et 
par  les  capteurs  etaient  r es pect i veme nt  de  20  000  g  et  48  000  g.  La  figure  7  montre  1« 
spectre  des  fluctuations  de  pression  calcule  A  partir  du  signal  dAlivre  par  un  capteur 
situA  sur  lextrados  du  profil.  au  voiatnage  du  bord  d'attaque 

Un  autre  profil  de  grille  d'  aubes  a  Ate  equips  de  capteurs  pe 1 1 1 c u 1  a \ res  a  di elec  - 
tnque  gaieux  (fig.  8).  II  a  subi  des  essais  en  soufflene  t  ra  nssoni  q  ue.  un  mouvement  de 
tangage  sinusoidal  lui  Atant  applique  pendant  l’Acoulement  Les  mesures  recueillies  dans 
ces  conditions  doivent  permettre  de  calculer  la  valeur  du  moment  de  tangage  lnstation- 
nai re  de  ce  prof l 1. 

3.  CAPTEURS  DE  TEMPERATURE.  DE  FLUI  THBRM1 QUE  ET  D* AHALTSE  DE  LA  COUCHB  LINITB 

Tout  ces  capteurs  sont  des  dAtecteurs  de  phenomAnes  thermiques  Ila  utilisent  deux 
pnncipee  diffArenta 
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3. 1  Pr i nci pes 

3.1.1.  Tenp&rature  et  ffnx 

Les  capteurs  de  temperature  et  de  flux  thermique  (fig.  9a  et  9b)  utilisent  tous 
deux  l'effet  t hermoe 1 ec tr l q ue  existant  a  la  jonction  de  deux  metaux  ou  alliages  A  et  B 
C S J  montes  en  circuit  ferme.  La  force  electromotrice  £  apparaissant  dans  le  circuit  est 
iiAe  aux  temperatures  de  la  soudure  chaude  Tc  et  de  la  soudure  froide  par  la  relation 
polynomials  suivante  : 

£.  -  a(Tc  -  T,)  *  1  b  -  tJJ  t  ...  (61 

En  ce  qui  corjcerne  le  flux  thermique  statique  •!>,  celui-ci  se  deduit  de  la  mesure  de 
la  difference  des  temperatures  Ts  et  prAsentes  de  part  et  d’  autre  d'  un  Element 

calon  metrique  constitue  par  une  feuille  de  Kapton  d'epaisseur  e  et  de  conduc t i bi 1 l t A 
thermique  X  : 

t  =  -  <T,  -  T,)  17) 

e 

Ts  et  Tj  sont  mesurees  a  l'  aide  de  deux  thermocouples,  dout  la  difference  des  forces 
electromotrices  est 

Avec  les  couples  Cui vre -Ni ckel  la  sensibilite  obtenue  pour  les  thermometres  est  de 
10.  10*6V.  K  * 1  a  temperature  ambiante  et  de  2,  7.  1  0 ' 6  V.  kw’  1 .  m2  pour  les  fluxmetres  de  25  M-m 
d'Apaisseur.  La  gamme  de  temperature  s’etend  de  0  A  200*C. 

3.  1.  2  Analyse  de  fa  couche  finite 

Les  capteurs  analysant  la  couche  limite  d'  un  Acoulement  a A rodynami q ue  sont 
constituAs  d'  un  film  metallique  resistant,  depose  sur  une  feuille  en  diAlectnque  Kapton 
dont  la  resistance  R  varie  avec  la  temperature  T  a  laquelle  il  est  soumis  (fig  9c) 

R  3  Rq(  1  ♦  CtT)  (  8) 

a  etant  le  coefficient  de  temperature  de  la  resistance  du  film. 

Le  film  est  chauffe  par  effet  Joule  et  stabilise  a  une  temperature  choisie  T 

En  presence  d'  ecoulement,  ce  film  se  refroidit  par  convection  et  l'Achange 
convectif  diminue  lorsque  l’Apaisseur  e  de  la  couche  limite  augments  La  valeur  de  la 
puissance  Pc.  Qui  doit  £tre  appliquee  au  film  pour  le  maintenir  a  la  temperature 
constante  T.  renseigne  done  sur  l'epaisseur  de  la  couche  limite  au-dessus  du  film  . 

Pc=  f(  e)  =  Pv-  PQ  (  9) 

avec  Pv  puissance  appliquee  au  film  en  presence  d' ecoulement, 
et  PQ  puissance  appliquee  au  film  sans  ecoulement. 

D’autre  part,  le  rapport  de  la  puissance  efficace  de  fluctuation  Pf  appliquee  au 

film,  sur  la  puissance  moyenne  PV.  permet  d'  evaluer  le  taux  de  turbulence  x  de  la  couche 
limite 

Pour  analyser  la  couche  limite  presente  autour  d'  un  profil  un  ensemble 
mul t l ca pt e ur s .  constituA  de  films  chauds.  realise  sur  un  support  unique,  est  integre  le 
long  de  la  corde  de  ce  profil 

La  valeur  de  la  sensibilite  thermique  a  des  films  de  Nickel  realises  est  de 
2.910  3  exprime  en  —  K  l. 

R 

3  2.  Exemples  d'  utilisation 

Un  des  premieres  applications  des  capteurs  thermiques  a  consist*  A  Aquiper  un 
profil  symetrique  N,*CA  6S-012  de  28  fluxmetres  pe  1 1 1  cul  ai  res  cui  vre- ni  eke  1  (fig.  10) 
pour  connaitre  1'  Evolution.  le  long  de  la  corde,  du  coefficient  d'  Achange  gaz-profil  X 
ou  du  nombre  de  Stanton  qui  y  est  lie  (fig.  11).  La  m§me  evaluation  a  AtA  effectue  sur 
un  autre  profil.  lequel  Atait  soumis  A  un  ref roidi ssement  par  film  gazeux  (fig  12) 

Pour  mieux  connaitre  les  caracteci st lques  de  la  couche  limits  le  long  d'  un  profil 
de  grille  d'aubes.  un  ensemble  de  20  capteurs  film  chaud,  deposes  sur  une  m§me  feuille 
de  Kapton  et  rt partis  le  long  de  la  corde,  a  At*  coll*  sur  un  profil  [6]  (fig  13)  La 
figure  14  prAsente  l’Avolution.  le  long  de  la  corde,  de  la  puissance  convectAe  et  du 
taux  de  turbulence 
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4.  CONCLUSION 

Les  Atudes  menses  A  1' ONERA  ont  permis  Is  dA veloppement  de  capteurs  pel  1 1 e ui a i res 
de  preaaion,  ds  temperature,  de  flux  thermique  et  d'  analyse  d*  la  couch*  limit*  C«a 
capteurs,  dont  la  technologic  eat  acquis*,  permettent  d*  rApondre  aux  besoins 
me t rol ogi q ues  dans  differenta  domaines. 

Les  capteurs  pelli culai res  de  presaion  ont  AtA  dAveloppAs  A  l'ONERA  pour  rApondre 
aux  besoins  en  aerodynami qua.  maia  Agalement  pour  permettr*  d' amtliorir  lea 
connai ssancea  aur  les  sources  de  bruit  qui  prennent  naiaaance  dans  lea  turbomachi nea. 

Une  nouvelle  version  de  ces  capteurs  est  actuellement  diaponible.  Ell*  eat 
particulierement  bien  adaptee  aux  applications  en  hydrodynami que. 

Les  capteurs  de  temperature  et  de  flux  thermique  sont  parfaitement  adaptes  aux 
etudes  sur  turbomachines,  pour  la  mesure  des  tempAratures  a  la  surface  des  profils  et 
pour  1' evaluation  des  coefficients  d' Achange  gaa-profil. 

.  Des  etudes  sont  actuellement  en  cours  dans  le  but  de  developper  des  capteurs 
thermiques  haute  temperature  (1400  K)  *  en  couche  mince.  La  mise  en  oeuvre  de  tela 
capteurs  est  primordiale  pour  caractenser  les  conditions  thermiques  de  f onct i onnement 
des  etages  de  turbines  et  evaluer  er»  particulier  les  conditions  de  ref roi di ssement  des 
aubes. 

Les  capteurs  d‘ analyse  de  la  couche  limite  repondent  aux  besoins  specifiques  du 
domaine  aerodynami q ue  ; 

caracteri sati on  de  la  nature  de  la  couche  limite  et  plus  particulierement  determina¬ 
tion  de  la  zone  de  transition  le  long  du  profil. 

etude  des  interactions  onde  de  choc-couch*  limite  presentes  en  regime  supersonique 
dans  les  empilages  de  profils  :  grille  d'  aubes,  2one  de  compresseur,  .  .  . 
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DISCUSSION 


ILElder,  UK 

Would  the  author  please  comment  on  the  thermal  sensitivity  of  the  pressure  transducers? 

Rtpooae  d ’Auteur 

En  milieu  gazeux,  en  regime  adiabatique,  a  une  fluctuation  de  pression  est  associee  une  fluctuation  temperature.  Pour 
les  capteurs  massifs,  la  fluctuation  de  pression  entraine  une  variation  de  capacite  par  modification  de  Tepaisseur  du 
dielectrique,  alors  que  la  fluctuation  de  temperature  induite  dans  le  dielectrique  modifie  la  capacite  par  variation  de  sa 
permittivite.  Cet  effet  associe  explique  la  plus  grande  sensibilite  de  ce  type  de  capteur  au  dessous  de  2000  Hz. 

L’ajout  d’une  protection  thermique  de  50  microns  d’epaisseur  reduit  Ie  domaine  de  frequence  de  cette  influence  a  1 0 
Hz  environ. 

Les  capteurs  a  dielectrique  gazeux  presentant  une  evolution  de  sensibilite  ‘S’  de  1 .1  10“ 3  A  S/S.K"1  entre  0  et  40"C. 


J.Chi*ers,  UK 

Please  could  you  tell  me  whether  or  not  you  have  experience  of  operating  your  thin  film  transducers  above  400*C  and  if 
not  do  you  intend  to  explore  temperatures  above  400*C? 

Please  could  you  tell  me  what  insulator  you  have  used  for  sensors  to  be  used  at  400“C  if  not  Kapton? 

R£ponse  d’  Auteur 

La  temperature  maximale  d’utilization  des  capteurs  pelliculaires  de  temperature  et  de  flux  est  de  200*C.  La  tenue  de 
metallisations  et  des  colies  employees  ne  permet  pas  d’aller  au-dela. 

Pour  les  temperatures  supcrieures  les  isolants  utilises  sont  1’alumine  et  le  zircone-yttrium,  deposes  directement  sur  les 
profils. 


A.Buggele,  US 

Please  comment  on  the  effect  of  strain  on  the  pressure  transducer . causing  drift  due  to  leakage  of  the  cavity  pressure, 

temperature  changes  due  to  dynamic  working,  when  this  system  is  used  as  a  dynamic  pressure  measurement  system. 

(1)  1  did  not  see  any  evidence  of  a  strain  isolation  system  on  this  transducer; 

(2)  Was  a  simple  deflection  test  performed  on  the  pressure  transducer  on  a  flat  plate  or  aerofoil . static  deflection 

and  dynamic  reflection  over  a  range  of  1 5  Hz  to  2000  Hz? 

(3)  I  worry  about  you  measuring  strain  (dynamic)  and  not  pressure  with  this  pressure  transducer  system  as  presently 
mounted  on  the  airfoil; 

(4)  If  strain  (dynamic)  cancellation  system  was  used  did  it  automatically  compensate  for  the  temperature  and  pressure 

drift . and  how  was  this  achieved? 

R£potise  d* Auteur 

La  reponse  extensometrique  exprimee  sous  forme  de  signal  de  pression  equivalent  s'etablit  a: 

—  50  mb/1  O'"6  A  L/L  pour  les  capteurs  de  prs..  jn  a  dielectrique  solide. 

—  30  pb/10-*  L/L  pour  les  capteurs  de  pression  a  dielectrique  gazeux. 


G^anto,  US 

Would  you  like  to  comment  on  the  effects  of  length  of  connecting  wires  between  pressure  transducer  and  signal 
conditioning? 

Rkfome  d’Auteur 

Une  microelectroniquc  d’adaptation  d ’impedance  de  gain  unite,  permet  de: 

—  foumir  une  signal  de  meme  amplitude  et  phase  que  ceiui  issu  du  capteur  dans  le  but  de  porter  au  mcme  potentiel  les 
connexions  de  garde  du  capteur. 

—  delivra  un  signal  utile  sous  basse  impedance  (impedance  de  charge  >2  KQ) 

De  ce  fait  ('information  desponsible  en  sortie  de  l’adaptateur  d'impedance  est  pratiquement  independante  de  la 
longueur  des  connexions. 
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-^The  strains  and  displacements  in  engine  components,  and  in  particular  in  inter¬ 
locking  joints,  have  been  measured  by  means  of  two  interferometric  methods:*--^ 

V high  sensitivity  Moire  interferometry,  using  gratings  with  1200  lines/mm,  >  > 

2^-^a  coarser  grating  of  4C  lines/mm.  ^  .  .  *  p-  ^  ^  \  .  -  -r/  r.  ,,  *  j 

e:'.r 

The  two  methods  are  described  in  this  paper  and ^he  results  -compared  ;to  the 
predictions  of  a  finite  element  program  for  a  typical  dovetail  joint,  -uphd'  application 
of  the  technique  to  the  assessment  of  fretting  damage  and  to  the  lifing  of  'dovetail 
joints  is  discussed. 

INTRODUCTION 

The  application  of  Moire  techniques  to  the  determination  of  the  state  of  strain 
over  a  whole  field  is  particularly  attractive  when  compared  to  point-by-point  measurements 
such  as  resistance  strain  gauges.  In  essence,  the  Moire  pattern  is  a  contour  map  of  the 
displacement  field,  from  which  it  is  possible  to  obtain  extensional  and  shear  strains. 

How  the  pattern  is  formed  in  the  case  of  coarse  gratings  is  illustrated  in  Fig.  1 (a) , 
where  dark  bands  are  formed  whenever  a  bar  in  grating  1  ocludes  a  slit  in  grating  2.  If 
the  pitch  of  grating  1  is  p  and  that  of  grating  2  is  p’ ,  the  distance  between  the  centre 
lines  of  any  two  adjoining  bands  or  fringes  is 

%  =  n  p  =  (n-1 )  p *  ( 1 ) 

where  n  is  the  number  of  lines  in  the  grating.  If  the  difference  in  pitch  results  from 
a  uniform  extensional  strain,  where  AB  stretches  to  A8’,  the  displacement  of  point  B,  BB* 
is  one  pitch. 


and  the  strain  is 


Fringes  are  also  formed  when  one  grating  rotates  with  respect  to  another  grating  of 
equal  pitch.  Fig.  1(b).  The  displacements  of  points  such  as  B  on  the  first  order  fringe 
with  respect  to  points  A  on  the  reference  is  also  one  pitch,  the  angle  of  rotation  of  the 
grating  is. 


* 

and,  as  before,  fringes  may  be  interpreted  as  loci  of  equal  displacement  points. 


The  grating  frequency,  F,  is  normally  limited  to  40  lines/mm  (  1  0 0 0  lines/inch) 
corresponding  to  p  =  25  urn  (1  thou)  thus  limiting  the  sensitivity  of  the  method  which  is 
applicable  to  the  measurement  of  relatively  large  displacements  (1).  It  is  only  as  a 
result  of  recent  developments  that  it  has  been  possible  to  increase  the  sensitivity  of 
Moire  measurement  by  more  than  an  order  of  magnitude.  In  the  high  sensitivity  Moiie 
interferometry  a  grating  of,  typically,  1200  lines/mm  is  transferred  to  the  surface  of  the 
object  under  study  following  a  simple  process  described  elsewhere  (3)  although  other 
methods  have  been  used  (4).  When  illuminated  by  a  ray  of  monochromatic  light,  a  diffracted 

ray  of  order  m  emerges  with  an  orientation  e  in  accordance  with  the  law, 

m 

sin  9  »  mXF  ♦  sin  $  (5) 

m 

See  Fig.  2(a)  Taking  +  =  sin”1  (±  X  F),  gives  a  t  1  order  diffracted  ray  normal  to  the 
plane  of  the  grating.  Thus,  when  the  grating  is  illuminated  by  two  rays,  at  ancles 
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±  sin”  ( X F)  ,  two  first  order  diffracted  rays  emerge  along  the  normal  to  the  grating.  If 
the  frequency  changes  to  F'  (F'  -  F)  ,  Fig.  2(b),  the  two  diffracted  rays  diverge  from  the 
normal  .  .  their  wave  fronts  produce  dark  fringes  as  a  result  of  destructive  interference 
It  follows  from  equation  5  and  the  normality  condition  that 


and 


6  +  1  =  -  A  F*  +  X  F  9_1  =  A  F'  --  X  F 


X 

1  1  1 

6  ,  -  0  , 

2  (  F-F  '  ) 

♦  1  -1 

(6) 


t 


1 

2Fe 


and  the  fringes  may  be  interpreted  as  loci  if  equal  displacement 


N/2F  where  N  is  the  fringe  order.  The  grating,  of  frequency  F  or  F',  illuminated  by  the 
two  symmetrical  rays  therefore  acts  as  a  pair  of  gratings  of  pitch  p  =  1/2F  or  p' .  The 
similarity  can  be  extended  to  in-plane  rotation.  Fig.  2(c).  In  that  case,  a  rotation  by 
a  of  the  grating  of  frequency  F  causes  the  diffracted  first  order  rays  to  diverge  from 
the  normal  by  angles  9+1  0_1  on  the  vertical  plane.  Interference  fringes  then  appear 


every  i  *  1/2Fo. 


When  using  1200  lines/mm,  the  fringes  are  contours  of  equal  displacement  at  0.4  um 
(0.013  thou)  steps.  Rotations  of  the  object  about  the  y  and  z  axis  (Fig.  2(c))  are  not 
detected.  The  gratings  have  bars  along  the  x  and  y  directions:  illumination  on  the  xz 
plane  yields  displacements  u  in  the  x  direction,  illumination  on  the  yz  plane  yields 
displacements  v  in  the  y  direction. 

APPLICATION  TO  THE  STUDY  OF  A  DOVETAIL  JOINT 


a  -  Low-frequency  gratings 


Gratings  with  a  frequency  of  40  lines/mm  on  photographic  stripping  film  (5)^  were 
♦-ransferred  onto  the  dovetail  joint  shown  in  Fig. 3.  For  a  nominal  strain  of  1 0 —  3  ,  the 
relative  displacement  between  two  points  25  mm  apart  -  the  maximum  distance  in  'blade' 
or  ’sheet’  -  is  only  one  pitch  and  therefore  only  one  fringe  would  appear  under  load. 

A  number  of  methods  have  been  proposed  to  increase  the  sensitivity  of  the  Moire,  one 
of  the  simplest  consisting  in  introducing  an  initial  pattern  by  viewing  the  grating  on 
the  specimen  through  a  reference  grating  with  a  slight  rotational  mismatch  (5).  Referring 
to  Fig.  1(b),  it  is  easy  to  see  (Fig.  4)  that  a  change  of  pitch  of  the  deformed  grating 
causes  a  rotation  of  the  fringes,  such  that 


tan  y 


BD  -  AB  s  1 
p1  ~  sin  a 


p  -  p'  COS  »  x  ]_  P  -o'  =  c 
pn  a  p  a 


(7) 


for  small  angles.  It  is  therefore  possible  to  obtain  the  strain  by  measuring  the  angle 
of  rotation  of  the  fringes,  although  the  presence  of  shear  strains  makes  the  interpretation 
of  the  fringe  pattern  rather  difficult.  Fig.  5  shows  the  fringe  patterns  obtained  when 
the  model  grating  is  viewed  through  a  reference  grating  in  the  unloaded  model  and  in  the 
loaded  model,  and  the  calculated  strains  along  the  centre  line  of  the  blade,  the  free  face 
of  the  sheet  and  at  the  most  highly  strained  point.  The  results  are  compared  with  the 
theoretical  prediction  of  a  computer  program  (6). 


An  alternative  method  of  transferring  the  grating  has  been  found  preferable  in  that 
it  avoids  the  glare  produced  by  unwanted  light  reflections  on  the  model  and  reference 
gratings,  facilitates  photography  and  permits  measurement  at  elevated  temperatures.  In 
this  method,  developed  by  Burch  and  Forno  (7) ,  a  matrix  of  dots  is  painted  by  spraying 
with  an  air  brush  a  fine  suspension  of  titanium  dioxide  through  a  stencil  held  in  contact 
with  the  surface  of  the  model.  In  Forno ' s  method  the  grating  is  photographed  using  a 
specially  modified  35  mm  camera  with  the  appropriate  demagnification  to  give  a  frequency 
of  about  300  lines/mm  in  the  negative,  which  is  then  analysed  to  provide  contour  maps  of 
displacement  in  the  x  and  y  directions.  With  a  small  field  this  is  not  necessary.  The 
model  grating  is  viewed  through  a  lens  with  a  1  to  1  magnification  in  the  arrangement  of 
Fig.  6.  Interference  fringes  are  produced  on  the  image  plane  where  a  linear  grating  is 
placed  on  a  rotatable  frame.  The  fringes  are  photographed  with  a  conventional  35  mm 
camera.  The  sensitivity  depends  solely  on  the  pitch  of  the  model  grating,  any  mismatch 
method  may  be  used  and,  since  this  is  a  non-contacting  method  and  the  titanium  pigment 
remains  white  at  very  high  temperatures,  it  may  be  used  in  agtresive  environments. 


b  -  Diffraction  gratings 

The  use  of  1200  lines/mm  diffraction  gratings  for  the  study  of  dovetail  joints  has 
been  described  in  detail  elsewhere  (8).  The  model  tested  is  the  same  as  in  Fig.  3,  and 
the  experimental  set  up  is  shown  in  Fig.  7.  The  process  of  replication  of  the  grating 
onto  the  model  consists  of  the  following  steps 

i  -  a  mold  is  prepared  by  exposing  a  photographic  plate  to  two  beams  of  laser  light 
at  an  angle  such  as  to  produce  interference  fringes  at  the  required  frequency. 

A  square  grating  of  hollows  and  ridges  is  formed  by  taking  two  exposures  at 
right  angles. 


s 


ih-y 

ii  -  the  mold  is  aluminised 

iii  -  a  pool  of  epoxy  cement  is  deposited  on  the  model  and  the  aluminised  face  of 

the  mold  is  pressed  against  it  until  the  cement  sets. 

iv  -  the  backing  glass  is  lifted  off  taking  with  it  the  photographic  emulsion  and 

leaving,  as  an  imprint,  the  aluminized  square  grating. 

Typical  results  are  shown  in  Fig.  8f  which  illustrates  contour  lines  of  u  and  v 
displacement  fields  with  a  0.417  um  step.  It  will  be  observed  that  two,  'bridges'  have 
been  established  between  the  blade  and  the  sheet.  These  bridges  are  made  of  a  low 
modulus  plastic  and  have  no  effect  on  the  stiffness  of  the  model.  Their  purpose  is  to 
provide  continuity  between  the  two  elements  so  as  to  define  an  absolute  fringe  order  in 
both.  This  facilitates  the  determination  of  the  relative  displacement  at  the  interface 
which  is  simply  equal  to  the  difference  between  the  fringe  orders  on  the  blade-side  and 
on  the  sheet-side  times  0.417  um.  For  example,  the  gap  opening  at  the  bottom  of  the  joint 
is  34  um  for  the  load  corresponding  to  Fig.  8,  4.5  kN.  (Nominal  stress  in  the  blade 
250  MPa) . 


APPLICATION  TO  BIAXIAL  TESTS  OF  DOVETAIL  JOINTS 

The  high  sensitivity  Moire  technique,  as  described,  is  limited  to  static  testing, 
due  to  the  long  exposure  times  required  when  a  conventional  laser  is  used.  A  pulsed 
laser,  capable  of  giving  a  short,  higher  energy  pulse  -  typically  300  mj  in  10  or  20  ns 
-  makes  it  possible  to  apply  the  same  technique  to  the  study  of  moving  parts,  objects 
under  cyclic  loading,  etc.  A  long  term  investigation  into  the  behaviour  of  dovetail 
joints  between  blades  and  disks  has  offered  an  opportunity  to  test  the  technique.  The 
joints  are  modelled  by  a  sheet  with  three  pairs  of  blades,  loaded  under  biaxial  tension 
in  a  special  fatigue  testing  machine  with  a  capacity  of  250  kN  in  both  axes  (9,10,11). 

It  has  been  shown  that  the  state  of  stress  is  the  same  as  the  one  in  a  rotating  disk 
with  blades,  that  the  test  reproduces  the  significant  features  of  the  more  expensive 
spinning  disk  test  and  that  the  fatigue  and  fretting  depend  of  the  peak  stress,  the  shear 
stress  at  the  interface  and  the  relative  displacement  between  blade  and  disk. 

While  the  correct  alignment  of  the  experimental  set-up  of  Fig.  7  does  not  present 
any  serious  difficulties  when  using,  for  example,  a  He-Ne  laser,  the  same  is  not  the 
case  if  a  pulsed  ruby  laser  is  used  due  to  the  short  duration  of  the  pulse.  Referring 
to  equation  5,  the  angles  of  incidence  for  the  He-Ne  light  (X  =  633  nm)  and  ruby 
(X  =  694  nm)  are  49.4°  and  56.4°  respectively.  It  is  therefore  not  possible  to  adjust 
the  relative  positions  of  all  the  optical  components  with  a  continuous  He-Ne  laser 
since  the  alignment  would  be  quite  wrong  when  the  pulsed  ruby  laser  is  used  during  the 
actual  test.  To  overcome  this  difficulty  a  'white  light’  interferometer  has  been 
designed.  The  principle  of  this  instrument  Is  illustrated  in  Fig.  9.  Light  from  a  laser 
illuminates  the  transmission  diffraction  grating  of  frequency  F,  producing  the  two  first 
order  rays  OA,  OB  that,  after  reflection  on  the  two  mirrors  illuminate  the  model  grating 
with  the  correct  incidence  to  be  diffracted  along  the  normal  to  the  grating,  regardless 
of  the  wavelength.  The  only  condition  is  that  the  model  and  window  gratings  should  be  of 
the  same  frequency  and  parallel  and  that  the  two  mirrors  should  be  normal  to  both  gratings. 
A  misalignment  due  to  a  rotation  about  the  2  axis  has  the  effect  already  described.  An 
error  in  the  alignment  of  mirrors  must  also  be  considered.  Assume  that  the  angles  of 
incidence  are  (4  ♦  A ^ )  and  -(4  ♦  A2)  (Fig.  10).  Then  the  first  order  diffracted  rays 
have  the  direction, 

sin  0+1  =  XF  +  sin  (-(4  ♦  A^) )  =  -  A2  cos  4  where  4  =  sin  1  (AF) 

sin  9_1  =  XF  •  sin  (4  ♦  A.j)  =  cos  ♦ 

fringes,  parallel  to  the  lines  of  the  grating,  appear  every 


( &  I  ♦  A  2 )  cos  4 

giving  a  pattern  equivalent  to  the  one  corresponding  to  an  initial  strain 
(A1  +  A2)  cos  4 

t  *  - 

°  2XF 

_  i 

For  example,  with  i j  *  A2  *  10  radians,  X  *  694  nm  and  F  =  1200  llnes/mm,  t  is  0.62  mm 
_  i  _  o 

and  cQ  *  0.660  x  10  approximately.  Adding  a  rotation  a  *  10  radians  about  the  z  axis 

and  an  extensional  strain  of  10  would  tilt  the  fringe  and  reduce  their  distance,  as 
shown  in  Fig.  10  (b) ,  where, 
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Similarly,  when  the  grating  is  along  the  y  axis. 
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The  shear  stress  strain  is  a  ♦  a’,  the  difference  a  -  a'  being  the  rigid  body  rotation. 

The  presence  of  a  zero-load  frinqe  pattern  is  not  necessarily  undesirable.  Indeed, 
it  becomes  a  necessity  when  using  low-frequency  gratings. 


To  apply  this  technique  to  the  study  of  the  dovetail  joint  under  cyclic  loading,  the 
interferometer  described  schematically  in  Fig.  11  was  designed  and  built  around  the 
biaxial  fatigue  testing  machine.  Light  from  either  the  He-Ne  alignment  laser  or  the 
pulsed  ruby  lever  is  expanded  ,  collimated  and  directed  to  illuminate  the  two  window 
gratings,  to  provide  contour  maps  of  both  u  and  v  displacements  simultaneously.  The 
rays  diffracted  from  the  model  grating  produce  fringe  patterns  that  are  clearly  visible 
on  the  screens  of  the  two  camera  backs.  The  whole  instrument  is  first  adjusted,  using 
the  He-Ne  illumination,  until  only  a  few  fringes  are  observed  under  zero  load.  This 
operation  is  fairly  tedious  due  to  the  number  of  inter-related  adjustments  needed  and  to 
the  fact  that  the  slightest  vibration  or  movement  of  the  model  or  testing  machine  shakes 
and  blurs  the  fringe  pattern.  When  the  adjustment  is  completed,  the  He-Ne  laser  is 
switched  off,  the  model  is  loaded  and  the  pulsed  laser  is  triggered  to  provide  a  flash 
at  the  required  level  in  the  load  cycle  .  Fig.  12  shows  typical  photographs 

obtained  with  the  instrument.  For  the  interpretation  of  the  patterns  in  terms  of  strains, 
equations  8  to  1 1  are  applied,  measuring  *xx»  *yy'  etc»  from  the  enlarged  photographs 

with  an  X-Y  coordinate  measuring  machine.  The  values  obtained  along  the  interface  are 
compared  to  those  predicted  by  numerical  analysis  in  Fig.  13.  It  must  be  noted  that  the 
numerical  analysis  depends  on  the  knowledge  of  the  friction  coefficient  between  the 
surfaces  in  contact.  Since  this  depends  on  the  surface  roughness,  which  varies  through¬ 
out  the  test  due  to  the  damage  caused  by  fretting,  its  exact  value  is  not  known  a  priori 
and  has  to  be  deduced  by  reference  to  the  experiment.  The  procedure  consists  in  repeat 
the  analysis  for  various  values  of  the  friction  coefficient,  comparing  the  results  to 
those  of  the  experiment.  This  comparison  is  facilitated  by  choosing,  as  a  characteristic 
parameter,  the  gap  opening. 


DISCUSSION 


As  new  materials  are  developed  and  the  severity  of  the  demands  placed  on  aero-engines 
increases,  it  becomes  apparent  that  a  single  figure  of  merit  such  as  the  peak  elastic 
stress  is  Inadequate  to  characterise  the  strength  of  a  component.  Fretting  damage  between 
contacting  parts  has  been  recognised  as  a  possible  cause  of  premature  fatigue  failure  that 
is  clearly  dependant  on  the  energy  dissipated  as  the  two  parts  rub  together  rather  than 
on  the  peak  principal  stress.  To  characterise  fretting  damage  a  parameter,  defined  as 
the  product  of  the  shear  stress  -  or  the  normal  stress  times  the  friction  coefficient  - 
times  the  relative  displacement  has  been  defined  and  shown  to  be  in  good  agreement  with 
experimental  data.  When  this  parameter  is  itself  multiplied  by  the  maximum  principal 
stress,  required  to  open  up  the  small  surface  cracks  resulting  from  fretting,  it  yields 
a  combined  frettinq  fatigue  damage  parameter  that  can  be  used  ir*  design  to  complement  the 
traditional  peak  elastic  stress  (10,11).  Numerical  analysis  by  finite  elements  permits 
the  calculation  of  these  parameters  once  the  contact  conditions  are  clearly 
To  do  so  it  is  necessary  to  recur  to  an  experiment.  It  is  possible  to  verify  the 
numerical  analysis  indirectly,  by  reference  to  the  back  gap  openinq,  that  can  be  measured 
with  an  extensometer  or  a  coarse  Moire  grating.  The  coarse  Moire  orating 
stencilled  on  the  model  with  titanium  dioxide  pigment  has  the  advantage  over  the  exten- 
someter  of  providing  a  general  qualitative  impression  of  the  whole  displacement /strain 
field,  revealing  regions  of  strain  concentration,  plastic  deformation  and  creep.  The 
diffraction  grating,  so  far  limited  to  room  temperature  testing,  gives  a  whole  field 
picture  of  the  same  field  with  sensitivity  similar  to  that  of  conventional  resistance 
strain  gauges  but  iwth  a  gauge  length  that  may  be  taken  to  be  infinitely  short.  Like 
all  other  methods.  Moire  is  limited  to  surface  measurements. 
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The  transferred  grating  provides  a  permanent  record.  In  this  investigation,  it 
was  interrogated  after  5000  cycles,  thus  providing  an  indication  of  early  fretting  damage 
as  evidenced  by  an  increase  in  the  friction  coefficient. 


CONCLUSIONS 


The  value  of  Moire  interferometry  in  combination  with  numerical  stress  analysis  has 
been  proved  (8-11).  The  two  techniques  described  here  may  be  regarded  as  complementary. 
Although  further  developments  of  the  high  sensitivity  Moire  interferometry  using 
diffraction  gratings  may  extend  its  application  to  high  temperature  measurements,  at 
present  these  are  only  possible  using  coarse  gratings.  The  white  light  interferometer 
has  made  it  possible  to  measure  displacements  of  the  order  of  one-tenth  of  a  urn  on 
moving  objects,  taking  the  technique  out  of  the  specialised  optical  metrology  laboratory 
and  into  the  testing  laboratory  or  even  into  the  workshop. 
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White  light  interferometer  instrument  adapted  to  a  biaxial  fatigue  testing 
machine:  general  arrangement. 


12  -  Typical  photographs  obtained  with  the  white  light  interferometer,  (a)  xero  load 

u  displacement,  (b)  zero  load,  v  displacement,  (c)  10  kN,  u  displacement, 

(d)  10  kN,  v  displacement. 
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DISCUSSION 


P -Stewart,  UK 

Do  you  see  any  future  possibility  of  carrying  out  measurements  on  dynamically  rotating  specimens? 

Author’s  Reply 

Well,  I  think  that  there  are  a  number  of  problems  with  this  technique.  The  first  one  is  that  you  have  to  operate  on  flat 
surfaces  and  this  means  that  it  cannot  be  applied  directly  to  a  rotating  machine.  One  would  first  have  to  produce  a  flat 
surface  there  to  apply  to  the  grating.  With  this  proviso  I  see  no  reason  why  one  shouldn’t  be  able  to  use  it  on  rotating 
specimens  because  after  all,  provided  you  can  synchronise  the  laser  to  trigger  at  the  time  when  you  are  looking  at  the 
actual  grating,  you  can  do  it.  The  laser  would  give  you  a  picture  over  a  period  of  say  20—40  nanoseconds  which  is  more 
than  sufficient  for  very  high  velocity  applications. 
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ABSTRACT 

A'** 

The  vibrational  inodes  of  complex  systems  can  be  visualized  with  high  sensitivity 
by  laser  light  speckle  interferometry.  Electronic  speckle  pattern  interferometry 
(ESPI),  in  contrast  to  holography,  does  not  use  photo-chemical  storage  media  but 
shows  a  live  image  of  the  vibrational  modes  created  by  the  time-average  method 
directly  on  a  monitor  screen.  The  particular  advantage  of  this  very  useful  and  now 
almost  conventional  procedure  of  vibration  analysis  is  demonstrated  by  two  appli¬ 
cations  to  aero-engine  parts:  an xJPC  blade  and  an  impeller  of  a  small  centrifugal 
compressor.  T. 

prftt'irf"') 

1.  INTRODUCTION  1 


The  life  of  highly-stressed  engine  components  such  as  blades  and  discs  is 
governed  primarily  by  static,  dynamic  and  thermal  loading.  The  object  of  modern 
engine  development  is  the  further  improvement  of  efficiency  with  a  higher  power- 
to-weight  ratio.  With  the  decreasing  amount  of  material  used,  the  mechanical  stress 
on  the  components  is  increased.  Similarly,  the  tendency  to  vibrate  is  increased  by 
the  decreasing  wall  thicknesses  and  more  intricate  profiles,  in  blades  for  example. 
This  can  shorten  the  life  of  the  part  considerably.  If  critical  component  resonances 
are  excited  to  high  amplitudes  of  vibration  within  the  operating  speed  range  of  the 
machine,  material  fatigue  can  arise  prematurely. 


Estimation  of  the  stress  distribution  and  thus  the  assessment  of  the  material 
loading  is  made  easier  if  the  vibrational  behaviour  at  the  various  resonance  points 
is  known.  Finite  element  methods  are  now  capable  of  calculating  the  resonance  fre¬ 
quency  and  vibrational  mode,  even  of  complex  structures.  However,  with  thin,  curved 
and  twisted  blades  especially,  deviations,  which  can  be  considerable  in  the  elevated 
frequency  range  (  10kHz\ ,  occur  between  the  arithmetical  prognosis  and  reality. 
Experimental  vibration  analysis  on  the  actual  object,  therefore,  still  gives  the  most 
reliable  information  about  its  vibrational  behaviour. 


The  positive  experiences  made  by  MTU  with  optical  vibration  analysis  and  the 
trouble-free  handling  of  the  equipment,  even  under  industrial  routine  operating 
conditions,  will  be  demonstrated  using  two  practical  examples  following  a  brief 
commentary  on  the  technique  and  a  description  of  the  equipment. 


Fig.  1 


Optical  arrangement  of  the  MTU  electronic  speckle  pattern  interferometer 
(ESPI) 


Fig.  2  ESPI  vibration  analysis  set-up  (without  the  TV  monitor). 

Assembly  located  on  a  heavy  granite  table  with  shock  dampers. 


2.  SOME  BASIC  COMMENTS  ON  THE  MEASUREMENT  TECHNIQUE 

Using  former  mechanical  tracing  inspection  techniques,  the  acoustic  figures  of 
delicate  blades  could  not  be  analysed  without  the  resonance  of  the  object  under 
inspection  being  de-tuned  by  the  extra  mass  of  the  probe.  Only  with  the  advent  of 
modern  optical  methods  of  holography  and  its  related  techniques  was  it  possible  to 
visualize  vibrational  modes  even  with  very  small  amplitudes,  without  affecting  the 
object  under  inspection  in  any  way.  However,  holography  could  not  be  applied  in 
industry  for  routine  inspection  until  an  electronic  storage  medium  was  found  to 
replace  the  complicated  and  time-consuming  photographic  storage  of  interference 
patterns  and  reconstruction  of  the  holograms.  The  speckle  effect  was  first  used  about 
15  years  ago  by  Leendertz  / 1 /  to  measure  surface  movement.  Speckles  /2/  are  visible 
as  a  granular,  statistical  dot  pattern  when  an  optically  rough  surface  illuminated 
with  laser  light  is  imaged  through  a  lens  or  even  simply  observed  with  the  naked  eye. 
The  size  of  the  speckles  depends  on  the  aperture  of  the  viewing  lens.  Each  individual 
speckle  is  already  a  separate  interferogram  whose  phase  and  amplitude  define  the 
position  in  space  of  the  scattering  surface.  The  speckle  effect  can  be  exploited  to 
determine  the  position,  or  relative  displacement,  of  the  surface  if  the  phase  and 
arplitude  information  contained  in  the  speckles  can  be  successfully  extracted. 

The  phase  information  can  be  extracted  by  superimposing  a  coherent  reference 
beam.  If  the  object  surface  is  moved,  and  thus  the  speckle  phase  position  is  varied 
in  relation  to  that  of  the  reference  beam,  this  becomes  apparent  in  the  interference 
pattern  with  the  reference  beam  as  a  variation  of  the  speckle  brightness.  The  vari¬ 
ation  in  brightness  of  the  speckle  interference  pattern,  which  is  coarsely  rastered 
in  comparison  to  the  light  wavelength,  can  be  registered  electronically  with  a  TV 
camera,  i.e.  converted  into  an  equivalent  electrical  signal.  As  with  the  classical 
time-average  method  of  holography,  this  so-called  electronic  speckle  pattern  inter¬ 
ferometry  (ESPI)  can  be  used  to  produce  an  interference  fringe  pattern  which  rep¬ 
resents  the  acoustic  figure  of  a  resonating  object.  With  ESPI,  this  fringe  pattern  is 
visualized  on  the  monitor  in  real  time,  without  any  intermediate  stages. 

As  early  as  1975,  MTU  took  a  commercial  ESPI  system,  made  by  the  no  longer 
existent  Austrian  company  EUMIG ,  into  service  for  routine  inspection  of  blades  and 
discs.  The  system  is  only  suitable  for  vibrational  analysis  of  a  stationary,  re¬ 
strained  object  at  room  temperature.  This  so-called  stationary  vibration  measurement 
(SVM)  gives  a  realistic  image  of  vibration  behaviour  in  the  range  up  to  80kHz.  The 
sum  of  the  opposing  effects  of  centrifugal  force  and  temperature  on  the  vibrational 
behaviour  of  rotating  components  in  the  engine  is  small  and  can  be  corrected  arith¬ 
metically  with  sufficient  accuracy  using  the  results  of  the  SVM. 
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Fig.  3  Detail  view  of  the  ESPI  optical  components  (dust  cover  removed) . 

Piezo  exciter  with  white  painted  compressor  blade  is  shown  on  the  right. 


3  DESCRIPTION  OF  TEST  EQUIMPMENT 

The  ESPI  system  HT  10  (HOLOTEST)  was  developed  at  the  beginning  of  the  seventies 
by  EUMIG ,  Austria,  and  was  originally  intended  for  inspection  of  car  tyres.  The 
system  used  by  MTU  today  is  now  more  than  10  years  old.  However,  its  optical  and 
electronic  set-up  differs  only  insignificantly  from  modern  systems.  Fig.  1  shows  the 
major  components  of  the  MTU  unit,  of  which  the  layout  and  function  wl 1 1  be  described 
briefly.  Speckle  interferometry  is  dealt  with  thoroughly  by  R.  Jones  and  C.  Wykes 
with  a  detailed  description  of  the  technical  possibilites  and  equipment  designs  / 3/. 
The  work  done  at  Loughborough  University  of  Technology  in  Great  Britain,  which  forms 
the  basis  of  the  book,  has  also  brought  about  the  development  of  a  modern,  commercial 
ESPI  unit  which  is  marketed  by  EALING  under  the  designation  VIDISPEC. 

With  the  MTU  unit  (Fig.  1) ,  the  beam  of  a  6mW  He-Ne  laser  is  divided  at  the  beam 
splitter  (BS)  into  the  approximately  90%  intensity  object  illumination  beam  and  the 
approximately  10%  intensity  reference  beam.  After  90°  deflection  at  miiror  Ml,  the 
object  beam  is  expanded  by  lens  L2  and  then  focused  through  microscope  objective  L4 
onto  a  narrow  stripe  mirror  (SM)  which  is  suspended  on  a  thin  holding  strap  in  the 
observation  cone  of  variable  objective  VO,  and  which  deflects  the  object  beam  through 
90°  onto  the  object  in  a  conical  shape.  The  laser  light  which  is  scattered  at  the 
rough  object  surface  is  captured  by  objective  VO  and  imaged  as  the  characteristic 
speckle  pattern  on  the  target  of  the  TV  camera  via  prism  P.  The  object  image  must  be 
greatly  reduced  because  of  the  smallness  of  the  camera's  target. 

In  order  to  maintain  its  coherence,  the  reference  beam  is  directed  via  mirrors 
M2,  M3  and  M4  in  the  unit  along  a  compensation  path  whose  length  can  be  adjusted  to 
that  of  the  object  beam  path  by  displacement  of  mirror  M3.  After  slight  expanding  by 
lens  Ll,  the  reference  beam  is  focused  through  microscope  objective  L3  in  a  space 
filter  arrangement  onto  aperture  PH.  The  homogenized  reference  beam  is  superimposed 
onto  the  object  beam  via  prism  P  to  create  interference  with  the  speckle  pattern  in 
the  target  plane  of  the  TV  camera  tube.  With  a  suitable  speckle  size,  which  is 
governed  by  the  aperture  of  the  viewing  lens,  the  geometric  resolution  of  the  camera 
is  sufficient  to  generate  an  exact  image  of  the  interference  intensity  profile,  i.e. 
convert  it  into  an  equivalent  electrical  signal,  in  spite  of  the  reduction.  With 
ESPI,  the  desired  information  is  contained  solely  in  the  statistical  part  of  the 
speckle  pattern,  and  therefore  in  the  alternating  component  of  the  electrical  video 
signal.  The  homogeneous  intrinsic  intensities  contain  no  useful  information.  There¬ 
fore,  in  the  signal  conditioning  unit  (TV-CU,  Fig.  1),  the  alternating  component  is 
separated  from  the  direct  component  by  a  high-pass  filter  and  directed  to  the  monitor 
after  suitable  amplification  and  rectification. 

With  the  system  operating  in  time-average  mode,  the  natural  modes  of  the  re¬ 
sonated  object  can  be  observed  directly,  in  real  time  on  the  monitor.  The  vibrational 
nodes  in  the  figure  show  up  as  bold  bright  lines  along  the  object  surface.  Inter¬ 
ference  fringes  of  decreasing  brightness  indicate  the  amplitudes  of  the  individual 
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oscillating  areas  by  the  density  of  the  fringes.  The  phase  relationship  of  the  oscil¬ 
lation  in  these  areas  is  not  given  by  ESPI .  Other  techniques  known  from  holography 
can  also  be  realized  with  an  ESPI  system  using  the  appropriate  accessories.  The  MTU 
system  is  used  exclusively  in  the  time-average  mode  for  vibration  analysis. 

The  quality  of  the  speckle  inter ferograms  on  the  monitor  can  be  improved  de¬ 
cisively  by  giving  the  object  a  thin  coating  of  a  paint  which  increases  its  reflec¬ 
tiveness.  White  paints  containing  minute  glass  beads  are  particularly  suitable. 

Beside  the  marked  improvement  in  fringe  pattern  contrast,  these  paints  have  the 
additional  advantage  that  objects  up  to  a  diameter  of  0.8  m  are  sufficiently  illumi¬ 
nated  by  the  low-powered  6  mW  laser. 

A  good  base  for  the  ESPI  system  and  the  objects  has  proved  to  be  a  1  x  2  raa, 

1.3t  granite  table  which  is  mounted  on  dampers,  since  uncontrolled  mechanical  vi¬ 
bration  and  airborne  sound  can  greatly  impair  the  quality  of  the  inter ferograms. 
Figure  2  shows  the  inspection  set-up  with  a  compressor  blade  restrained  at  the  root 
as  the  object .  The  blade  is  excited  using  the  piezoelectric  exciter  recognizable  in 
Figure  3. 


Fig.  4  The  item  analysed: 

An  ip-compressor  blade  with  38mm  maximum  airfoil  height  (suction  side) . 


4  EXPERIMENTAL  RESULTS 

The  capabilities  of  the  ESPI  system  are  demonstrated  on  two  representative 
examples. 

The  first  example,  shown  in  Figure  4 ,  is  an  intermediate-pressure  compressor 
rotor  blade  with  a  maximum  airfoil  height  of  38mm.  The  natural  frequencies  and  vibra¬ 
tory  modes  of  this  blade  were  determined  with  the  ESPI  unit  /4/.  Because  of  the  high 
operating  speed  of  the  intermediate-pressure  compressor  and  the  large  number  of 
stator  vanes  in  the  upstream  and  downstream  cascades,  excitation  frequencies  of  over 
40  kHz  can  be  expected  within  the  operating  speed  range  of  the  engine.  An  appro¬ 
priately  high  frequency  range  was  selected  for  the  vibration  test.  Figures  5  and  6 
show  a  few  of  the  characteristic  bending,  torsion  and  plate-type  vibrational  modes  of 
this  small  blade.  The  natural  frequency  found,  i.e.  the  excitation  frequency  during 
the  take,  and,  as  far  as  possible,  the  interpretation  of  the  vibration  mode  are 
indicated  for  each  picture.  All  inter ferograms  are  taken  from  the  suction  side.  The 
classic  acoustic  figures  of  the  cantilevered  airfoil  in  fundamental  and  harmonic 
vibration  are  distinct  in  the  lower  frequency  range  and  are  reproducible  at  a  defined 
frequency.  In  the  excitation  frequency  region  above  24  khz,  the  thin-walled  blade 
profile  tested  shows  plate-type  vibrations  whose  lack  of  symmetry  indicates  that  the 
oscillating  object  does  not  have  a  geometrically  simple  profile.  This  means  that  the 
arithmetical  prognosis  is  also  indefinite. 

Selected  results  of  stationary  vibration  measurement  (SVM)  of  a  centrifugal 
compressor  impeller  are  shown  in  Figures  7  and  8.  All  inter ferograms  were  taken  from 
the  plane  rear  side  of  the  impeller  disc  which  is  shown  from  the  front,  bladed  side 
in  Figure  9.  The  impeller  is  240  mm  in  diameter.  It  can  be  clamped  without  difficulty 
at  the  shalft  stub  end  and  excited  with  the  piezoelectric  exciter.  The  photographs 
taken  from  the  screen  clearly  show  that  the  vibrational  behaviour  of  the  rotor  is 
determined  mainly  by  the  geometry  of  the  disc.  As  shown  in  Fig,  10,  a  detail  taken 
from  the  front  of  the  impeller,  the  vibrational  behaviour  o^  the  individual  blades  is 
distinctly  present  and  can  be  observed  well  with  the  ESPI  unit.  It  has,  however,  no 
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recognizable  effect  on  the  vibrational  mode  of  the  centrally  restrained  disc,  in  the 
lower  frequency  range  {  12kHz)  at  least.  It  is  notable  that  the  natural  frequencies 
of  completely  different  types  of  vibration  modes  vary  only  slightly  (Pig.  7):  the 
two-nodal-diaraeter  mode  at  5507  Hz  is  only  10  Hz  below  the  distinct  umbrella  mode  at 
5517  Hz.  Furthermore ,  identical  vibrational  modes,  such  as  the  two-nodal-diameter 
mode  mentioned,  occur  with  different  phase  at  clearly  different  excitation  fre¬ 
quencies:  at  5507  Hz  and  also  at  5557  Hz. 


IB  1304Hz  IT  3956  Hz  28  5114Hz  2T  9474Hz 


3B  11678Hz  3B  13118Hz  3T  15710Hz  16742Hz 


Pig.  5  Photographs  of  selected  IPC  blade  vibration  modes  as  taken  from  the 

screen:  B  =  bending  mode,  T  =  torsion  mode.  The  natural  frequency  of  each 
mode  is  given  on  the  lower  right-hand  side. 


1L  17921Hz  1 L  18772  Hz  4T  21440  Hz  4B  22302  Hz 


Fig.  6  Selected  high-frequency  vibration  modes  of  the  blade  shown  in  fig.  5: 

L  *  lyra  mode,  T  =  torsion  mode,  B  *  bending  mode,  P  =  plate  mode. 
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Fig.  7  Selected  vibration  modes  of  an  impeller.  The  natural  frequency  and  an 
interpretation  of  the  type  of  vibration  is  given  at  the  bottom  of  each 
photograph.  All  pictures  show  the  plane  rear  of  the  rotor  disc. 


8781  1  N-Ctrcle  f?NO  11244  15822 

Fig.  8  Selected  high-order  vibration  modes  of  the  impeller  diBC. 


5  CONCLUSION 

Operation  and  handling  of  the  ESPI  system  at  MTU  present  no  difficulties.  The 
extremely  low  power  of  the  laser  beam,  which  only  leaves  the  housing  in  an  expanded 
state,  greatly  reduces  the  number  of  requirements  on  safety.  During  the  ten  years  of 
operation  with  an  average  utilization  of  60%,  four  laser  tubes  were  consumed,  and  the 
TV  system  was  renewed  about  a  year  ago. 

i'he  results  of  stationary  vibration  measurement  (SVM)  with  ESPI  are  significant 
for  the  early  evaluation  of  engine  components  as  regards  shape  and  stress.  Vibration 
analysis  with  the  ESPI  system  performs  five  tasks  with  very  little  experimental 
effort : 


Fig.  9  Bladed  side  of  the  impeller  tested.  Outer  diameter  is  240  mm. 


8009  Hz  10622  Hz 


Fig.  10  Typical  natural  vibration  modes  of  the  differently  shaped  impeller 

blades  as  observed  on  the  front  of  the  rotor.  Vibration  of  the  longer 
blades  is  shown  on  the  left,  that  of  the  shorter,  and  therefore  stiffer, 
blades  on  the  right  ESPI  photograph. 

a)  The  calculated  natural  frequencies  and  vibrational  modes  are  checked  on  the 
actual  object.  In  the  frequency  range  above  10  kHz,  reliable  information  about  vibra¬ 
tional  behaviour  can  only  be  obtained  by  SVM. 

b)  The  ef feels  of  restraint  on  vibrational  behaviour  can  be  considerable,  es¬ 
pecially  in  the  case  of  blades.  The  various  restraining  methods  can  be  simulated  with 
SVM  and  the  changes  in  vibration  behaviour  analysed.  In  this  way,  ESPI  analysis 
provides,  simultaneously,  exact  marginal  conditions  for  the  finite  element  cal¬ 
culation. 

c)  Critical  components  are  monitored  with  strain  gauges  during  the  first  test  runs 
of  a  module  or  engine.  In  Figure  11,  the  signals  from  a  strain  gauge  sensor  mounted 
on  a  compressor  vane  with  a  supercritical  profile  are  plotted  versus  frequency  and 
engine  speed.  By  comparison  of  the  resonant  frequencies  measured  during  the  test  run 
with  those  of  the  SVM,  the  resonances  observed  in  operation  can  be  allocated  to  de¬ 
finite  vibrational  modes,  since  the  vibrational  mode  for  each  natural  frequency  is 
known  from  the  ESPI  analysis 


7-8 

d)  If,  on  a  component  such  as  a  particular  blade  type,  critical  resonances  repre¬ 
senting  a  hazard  for  the  component,  or  drastically  reducing  its  life,  are  excited 
within  the  operating  range,  an  attempt  can  be  made  at  remedial  action  by  specific 
form  changes.  By  trimming  the  trailing  edge  of  the  blade,  the  natural  frequency  can 
be  offset,  ideally  right  out  of  the  excitation  range  of  the  machine.  The  success  of  a 
particular  form  change  can  be  demonstrated  directly  on  the  object  by  SVM. 

e)  The  sensitive  dependence  of  the  natural  frequencies  of  complex  components  on  the 
accurate  reproduction  of  shape  makes  it  possible  to  monitor,  for  example,  the  casting 
quality  of  blades  using  ESPI. 

ESPI  analysis  is,  therefore,  a  versatile  and  important  tool  for  engine  develop¬ 
ment,  whose  operation  requires  very  little  specialist  knowledge  of  optics  beyond  the 
necessary  care. 


Fig.  11  Strain  gauge  measurement  of  a  2nd  stage  guide  vane  with  supercritical 

profile.  The  observed  natural  frequencies  are  sequentially  numbered  (IS  to 
10S)  together  with  harmonic  multiples  of  the  rotational  speed,  e.g.  38n. 
Obviously,  there  is  an  excitation  due  to  the  aerodynamic  coupling  between 
the  stator  and  the  upstream  and  the  downstream  rotor. 
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DISCUSSION 


C.Retmes,  US 

What  is  the  sensitivity  of  the  ESP!  instrument  —  can  the  sensitivity  be  varied  by  varying  the  optical  geometry  of  the 
instrument  and  if  so  through  what  range? 

Author's  Reply 

The  sensitivity  is  within  the  wavelength  of  the  laser  system  used  and  in  our  case  its  about  0.5  micron  or  so. 

With  regard  to  the  second  part  of  the  question  —  the  sensitivity,  which  means  the  means  to  measure  amplitudes,  is  given 
by  this  fringe  density  but  we  use  it  to  see  where  are  the  nodal  lines  —  not  the  amplitude.  In  any  case,  one  is  interested  to 
see  whether  the  amplitude  is  higher  in  this  edge  rather  than  in  this  edge;  this  is  important  but  not  quantitatively. 


C.Reames,  US 

The  reason  for  my  question  was  that  with  holography  being  a  very  sensitive  instrument  you  often  cannot  vibrate  thing  at 
an  amplitude  corresponding  to  what  happens  in  an  engine  and  I  was  wondering  if  the  speckle  technique  perhaps  could 
be  made  less  sensitive  so  that  it  would  more  nearly  approach  an  engine  environment. 

Author's  Reply 

That's  not  possible. 


1C B. Price,  UK 

I  would  like  to  comment  on  the  sensitivity  of  the  ESPI  system.  Inherently  of  lower  signal  to  noise  ratio  than  holographic 
fringes  would  be.  unless  you  are  able  to  do  some  signal  processing  on  the  fringes  technique  it  isn’t  going  to  be  possible  to 
get  the  detailed  amplitude  information  out  of  these  types  of  fringes. 

Author's  Reply 

That  is  completely  right.  Dr  Price,  our  main  goal  is  to  use  this  system  in  an  industrial  environment.  It  s  a  tool  for  routine 
application  and  not  for  the  sophisticated  analysis  of  details. 

All  wc  do  is  put  a  blade  in  —  put  a  disk  in  —  switch  it  on  and  it  works.  That  is  the  main  goal  of  such  a  system.  It's  rather 
more  sensitive  to  use  normal  holography;  that's  right. 


R.B.  Price,  UK 

Might  I  go  on  to  ask  >ou  “are  you  intending  to  capture  the  ESPI  fringe  pattern  and  do  signal  processing  on  it?" 

Author’s  Reply 

No,  we  won't  do  that. 


R.B.Price,  UK 

Just  one  last  comment  —  I  wasn't  ux>  sure  what  you  meant  by  your  earlier  comment  that  holography  can  not  be  a 
routine  industrial  tool.  1  think  this  is  not  the  case  —  I  can  assure  you  that  it  is  so  used  at  Rolls  Royce. 
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SUMMARY 


"Research  into  the  applications  of  penetrating  radiations  or  particles  for  the 
non-invasive  imaging  and  measurement  of  events  within  aero  gas  turbines  on  dynamic 
test  at  Rolls  Royce  are  discussed. 

Sigh  Energy  (8  MeV)  X-rays  are  used  to  determine  metal  component  movements  for  engine 
performance  improvements  and  integrity  confirmation,  using  film.  Real  time  video  is 
used  for  transient  events.  Low  energy  x-rays  with  high  speed  cine  fluoroscopy  have 
been  used  to  analyse  molten  metal  flows  in  the  turbine  blade  casting  process. 

'Cold'  neutrons  and  low  energy  x-rays  have  been  used  to  analyse  two  phase  flows  and 
oil  distribution  in  the  'Gem'  engine  oil  scavenge  system. 

Positron  emitting  isotope  techniques  are  being  developed  to  determine  fuel  and 
lubrication  system  dynamics. 

The  images  captured  by  these  systems  are  then  processed  by  digital  techniques  and 
pattern  recognition  and  crosscorrelation  is  carried  out.  Measurements  are  made  from 
the  film  and  video  images  using  two  and  three  dimensional  photogrammetr ic  methods”. 


INTRODUCTION 

In  the  development  of  an  aero  gas  turbine  engine,  a  mechanical  engineer  requires 
answers  to  questions  in  two  major  areas: 

.  What  is  the  behaviour  of  the  metal  components? 

.  What  is  the  behaviour  of  the  engine  fuel  and  lubrication  systems? 

In  considering  metal  component  movements,  the  engineer  needs  to  know: 

.  Which  components  move? 

.  When  do  they  move? 

.  How  do  they  move?  In  what  direction  do  they  move  and  by  how  much? 

In  considering  engine  lubrication  systems  behaviour,  he  needs  to  know: 

How  the  lubrication  system  primes  itself  on  engine  start? 

.  How  long  it  takes  for  critical  parts  to  be  lubricated? 

with  the  engine  running,  he  needs  to  know: 

.  The  efficiency  of  oil  management  in  the  lubrication  system  -  the  supply  and 
removal  of  oil  from  key  areas. 

.  The  general  distribution  of  the  lubricating  fluid  throughout  the  system  -  oil 
hiding  problems  -  and  how  this  distribution  varies  with  engine  power  level 
settings . 

The  fluid  flow  rates  at  critical  points  in  the  system  for  cooling  and 
lubrication. 

.  If  two  phase  flow  is  present,  the  liquid  and  gas  fractions  and  the  pressure  drop 
in  the  section  under  examination. 

.  The  behaviour  and  distribution  of  the  lubricating  fluid  in  engine  gearboxes  both 
qualitatively  and  quantitatively. 

.  The  efficiency  of  lubrication  of  gears  and  gear  teeth  and  the  distribution  and 
retention  of  lubricating  fluid  on  the  faces  of  gear  teeth  in  operation. 

To  provide  answers  to  these  questions,  three  separate  imaging  techniques  using 
penetrating  radiations,  each  with  specific  characteristics  and  application  areas,  have 
been  identified  and  developed  at  the  Advanced  Projects  Department  of  Rolls  Royce, 
Corporate  Engineering  at  Bristol. 

These  systems  are  non-invasive  and  require  little  or  no  modification  to  the  engine 
under  examination.  They  may  be  used  to  visualise  directly,  in  real  time,  areas  of  the 
engine  and  to  determine  inter-related  component  or  fluid  movements.  Measurements  may 
be  made  using  two  or  three  dimensional  photogrammetric  methods. 
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Through  the  use  of  these  techniques,  solutions  may  be  provided  to  the  questions 
discussed  in  the  introduction.  The  three  techniques  are:- 

-  High  Energy  X-ray  Imaging  (8  MeV)  to  visualise  and  measure  metal  component 
movements . 

"Cold"  Neutron  Imaging  (0.004  ev)  to  visualise  and  quantify  lubricating  fluid 
movements  and  distribution,  particularly  during  engine  priming. 

Positron  Emission  Tomography  for  the  location  of  fluid  masses  within  engines  and 
characterisation  of  the  behaviour  of  jets,  fluid  annuli  etc.  General  imaging  of 
fluid  movements. 


1 . 0  High  Energy  X-ray  Imaging  of  Metal  Component  Movements 

High  Energy  X-rays  were  chosen  in  1970  for  their  ability  to  penetrate  the  chordal 
thicknesses  of  steel  (up  to  10")  found  in  large  gas  turbine  engines.  Fig  1  shows 
the  curve  for  steel  penetration  versus  x-ray  energy  and  it  can  be  seen  that 
penetration  increases  sharply  up  to  8  MeV  but  flattens  out  thereafter.  Above  a 
threshold  of  about  12-14  MeV,  activation  of  materials  within  engines  occurs  with 
neutron  production  and  subsequent  handling  problems.  The  useful  energy  range  for 
an  x  or  gamma  ray  source  would  appear  to  be  in  the  4  to  10  MeV  range  depending  on 
engine  size.  Such  energies  may  be  provided  by  a  radiographic  electron  linear 
accelerator  or  "linac".  -  To  optimise  the  application  some  linacs  have  switchable 
energy  ranges  (fig  2). 

In  order  to  image  the  transient  movements  of  engine  components  such  as  high 
pressure  turbine  blades,  in  'accel'  or  'decel*  conditions  a  high  x-ray  dose  is 
required  in  a  brief  time  -  say  a  few  seconds,  or  parts  of  a  second,  depending  on 
whether  it  is  a  'slow'  or  'fast'  transient.  This  requires  a  high  dose  rate  from 
the  linac  which  may  be,  if  necessary,  accommodated  in  the  "burst  mode". 

The  original  RDL  ,c!uper  X'  linear  accelerator  was  delivered  in  1971  and  had  an 
output  of  1500  rads/min  measured  at  1  metre  from  the  source,  at  a  fixed  x-ray 
energy  level  of  8  MeV.  Because  of  the  heavy  x-ray  programme  a  second  RDL  'Super 
X'  3000  linac  is  to  be  delivered  in  early  1986  and  will  have  a  capability  of 
3-4000  RMM  with  switchable  energies  of  6  to  10  MeV.  This  will  provide  a 
capability  for  the  recording  of  transients  on  high  resolution  film,  for  normal 
and  high  speed  x-ray  video  and  for  high  speed  cine  f luorography .  These  two 
linacs  arc  mounted  to  traverse  along  the  length  of  the  engine,  they  may  be  raised 
and  lowered  and  angled  to  suit  the  application.  They  have  adjustable  x-ray  beam 
collimators  to  reduce  the  scatter  and  improve  the  images.  Radiographic  film 
images  are  captured  by  film  change  systems  developed  by  Rolls  Royce  and  CGR . 

Real  time  surveillance  of  the  engine  during  a  test  is  provided  by  a  range  of  high 
energy  x-ray  video  systems  designed  by  RR  APD  for  which  world  patents  are  held  - 
The  Queens  Award  for  Technological  Achievement  was  given  for  this  development  in 
1978  (fig  3) .  They  are  now  commercially  available  from  Rolls  Royce. 

It  is  desirable  to  be  able  to  arrest  the  motion  of  a  single  blade  and  to  index 
individual  blades  on  a  turbine  to  check  variations,  blade  to  blade,  whilst  the 
engine  is  running.  Similarly  it  is  useful  to  image  within  an  engine,  the  centre 
shaft,  and  to  search  for  suspected  shaft  "whirling",  a  source  of  shaft  vibration, 
and  to  look  at  spacer  bounce  in  compressor  or  turbine  packs.  A  linac  such  as  the 
'Super  X'  may  be  remotely  pulsed  from  an  engine  mounted  inductive  pick-off  at 
harmonics  of  the  engine  turbine  rotational  frequencies  to  act  as  a  high  energy 
x-ray  stroboscope  in  conjunction  with  the  video  system.  The  'Super  X'  pulse 
repetition  frequency  is  500  to  750  pulses  per  second. 

In  certain  types  of  test  such  as  engine  surge  margin  determination,  vibration 
surveys,  foreign  object  ingestion  or  "blade  off"  and  engine  destruction  tests,  a 
high  speed  imaging  capability  is  required.  This  may  be  provided  by  the  linac 
running  at  its  maximum  pulse  repetition  frequency,  or  in  the  "burst  mode"  for  a 
short  period.  The  images  are  captured  by  an  x-ray  intensifier  with  'fast  decay' 
phosphors,  lens  coupled,  to  a  high  speed  cine  camera  such  as  the  LOCAM,  or  to  a 
high  speed  video  system  such  as  the  SPIN  PHYSICS  SP2000. 

Using  the  high  speed  x-ray  cine  fluoroscopy  expertise  developed  with  the  linac, 
an  application  was  made  to  improve  foundry  work.  The  flow  pattern  or 
distribution  of  molten  metal  into  a  turbine  blade  multi-casting  mould  was  uneven, 
leading  to  a  cooling  of  the  surface  of  the  metal  in  one  partially  filled  blade 
and  producing  a  'cold  shut'  in  the  cast  blade.  The  Thomson-CSF  X-ray  Intensifier 
and  LOCAM  cine  camera  were  used  at  300  frames/second  with  a  300  KVCP  X-ray 
source.  The  cine  film  clearly  showed  the  metal  distribution,  and  highlighted  the 
problem.  A  solution  was  obtained  by  changing  the  design  of  the  mould. 

The  Linear  Accelerator  is  transported  by  ar.d  operated  from  a  Linac  Control  and 
Transit  Vehicle  or  LCTV,  fig  4,  which  has  :>een  designed  by,  and  custom  built  for, 
Rolls  Royce.  The  High  Energy  X-ray  video  and  Image  Processing  System  is 
transported  in  a  separate  vehicle  and  comprises  Thomson  CSF  High  Energy  X-ray 
Intensifiers  and  special  video  cameras,  configured  to  Rolls  Royce  design, 
incorporating  low  light  level  SIT  Tubes  with  specialised  phosphors.  Digital 
image  processing  of  the  x-ray  video  and  radiographic  images  is  carried  out. 
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Cross-correlation  techniques  are  used  including  template  matching  and  pattern 
recognition  and  the  standard  'enhancement*,  integration,  noise  reduction  and 
other  processing  routines.  The  image  processors  used  range  from  Quantel 
Intellect  1  and  100  through  to  the  VICOH  1850.  Image  recording  is  currently 
analogue,  using  Grundig  10  MHZ  reel  to  reel  recorders. 

X-ray  images  of  high  spatial  resolution  are  provided  by  radiographs.  These  are 
analysed  on  Packman  X-Y  coordinate  tables  by  skilled  photogrammetrists  (fig  5) . 
Average  accuracies  are  around  0.006"  but  on  good  edges  0.004*  can  be  achieved. 
These  are  based  on  a  951  confidence  of  repeatability.  Ellipsing  of  the  disk 
images  limits  measurement  in  the  axial  direction.  Radial  measurement  can  be  made 
over  a  broader  field.  Semi-automated  measurement  systems  are  being  developed. 
Examples  of  applications  are  as  follows 

.  Performance  improvements  by  profiling  of  tip  seals  for  turbines  to  reduce 
energy  losses  over  the  range  of  engine  operating  conditions  leading  to 
improvements  in  SFC. 

.  Understanding  of  thermal  growths  in  casings  and  differential  expansions 

between  blades,  disks  and  casings  for  instance,  on  'scramble'  situations  on 
the  one  hand  or  descent  from  cruise  altitude  on  the  other.  The  RB199 
compensating  casing  was  designed  using  x-ray  data. 

.  Engine  air  system  optimisation  from  a  knowledge  of  the  behaviour  of  internal 
labyrinth  seal6  and  compressor  and  turbine  root  seals.  An  understanding  of 
the  performance  of  all  seals  is  necessary  to  maintain  air  pressure  balances 
throughout  the  engine. 

.  Engine  integrity  investigations  ranging  from  static  assembly  checks  before 
test  -  seal  incorrectly  fitted-to  "in  service"  problems  such  as  spacer  bounce 
on  TF41  and  VIPER  in  flight. 

The  HEDR  system  has  3  prepared  sites  at  RR  Bristol,  1  at  Dowty  at  Cheltenham,  1 
at  RR  Ansty  and  1  at  RR  Hucknall.  The  'Super-X'  linac  is  also  now  routinely  used 
at  the  Cell  3  High  Altitude  Facility  at  RAE  Pyestock.  The  years  programme  may 
cover  activity  at  most  of  these  sites  and  the  linac  system  moves  to  provide 
service.  To  date  40,000  radiographs  have  been  taken  and  analysed  on  a  total  of 
130  engines  of  23  different  engine  types. 

50  High  Energy  X-ray  video  tests  have  been  carried  out  and  Rolls  Royce  have 
invested  £3/4  million  in  new  equipment  in  1985/6  for  the  project. 

For  this  work.  Rolls  Royce  APD  were  given  the  MacRobert  Award  of  the  Fellowship 
of  Engineering,  November  1985.  This  is  the  premier  UK  engineering  award. 
References  (1)  to  (18)  describe  the  work  in  more  detail  as  do  Patents  1  and  2. 


2 . 0  'Cold'  Neutron  imaging  of  lubricating  fluid  movements 

Following  the  success  of  the  High  Energy  X-ray  programme  in  defining  the  metal 
component  movements  within  running  engines,  in  1975  an  initiative  was  developed 
to  similarly  visualise  and  measure  lubricating  fluid  movements. 

In  any  "penetrating  radiation"  imaging  system,  the  image  quality  parameters  of 
importance  are  the  Modulation  Transfer  Function,  Contrast  Transfer  Function  and 
signal  to  noise  ratio. 

The  MTF  is  a  measure  of  the  fidelity  by  which  the  image  represents  the  original  - 
frequency  for  frequency.  In  any  image  it  is  also  important  that  the  Contrast 
between  objects  in  the  image  which  it  is  required  to  differentiate,  are  at  a 
maximum.  Thus  one  of  the  objectives  in  specifying  this  system  was  to 
differentiate  images  of  the  oil  from  images  of  the  steel  components.  In  other 
words  to  see  the  lubricating  oil  behaviour  through  the  steel  walls  of  the  engine 
casings.  To  render  the  steel  casings  transparent. 

Now  if  one  examines  the  combined  scattering  and  absorption  cross-sections  of 
steel  and  hydrogen,  one  may  plot  these  on  a  graph  as  a  function  of  neutron  energy 
(fig  6).  Lubricating  fluid  is  of  course  largely  hydrogenous.  It  will  be  seen 
that  with  decreasing  neutron  energy  (temperature)  the  absorption  and  scattering 
cross  section  of  hydrogen  increases  virtually  exponentially,  whilst,  the  cross 
section  of  steel  increases  slowly  and  then  drops  dramatically  at  the  'Bragg' 
cut-off.  Thus  a  neutron  energy  level  of  4  milli-electron  volts  (0.004  ev)  at  the 
Bragg  cut-off  in  the  sub-thermal  or  'cold'  neutron  range  was  chosen  for  the  work. 

The  'Herald'  Research  reactor  (fig  7)  at  AW RE  Aldermaston  with  an  energy  level  of 
5  Megawatts  had  a  'cold  hols'  and  was  chosen  for  preliminary  work.  It  had  a  cold 
neutron  beam  flux  of  2  x  10°  cold  neutrons  cm  sec"  .  In  the  initial 
experiments  (1975),  quantitative  teats  showed  that  it  was  possible  to  visualise 
small  oil  galleries  through  3*  of  steel.  A  'Viper*  gas  turbine  wee  also  mounted 
alongside  the  reactor  and  used  as  a  static  test  object.  Oil  was  pushed  into  the 
centre  of  the  engine  from  an  auxiliary  rig  and  was  imaged  in  real  time  video. 

The  flow  of  oil  into  the  centre  bearings  could  be  clearly  teen  and  from  thence 
down  into  the  gearbox.  This  showed  that  oil  could  be  imaged  and  seen  at  the 
centre  of  a  static  aero  gas  turbine  engine.  World  Patents  were  taken  out  on  the 
technique  (Patent  3). 


Later,  in  1976,  a  problem  arose  concerning  oil  leakage  on  the  'Gem'  engine  in  the 
'Lynx'  helicopter  (fig  8).  This  problem  provided  a  unique  opportunity  to  apply 
the  technique  to  a  real  problem  within  a  running  engine. 

it  was  not  possible  to  run  an  engine  in  the  'Herald'  reactor  hall  and  therefore 
the  work  was  carried  out  at  the  more  powerful  'DIDO'  reactor  at  Harwell.  This 
reactor  has  an  output  of  25  Megawatts  and  an  external  cold  neutron  beam  tube.  A 
suitable  experimental  station  existed  at  25m  on  the  beam  tube  where  the  'Gem' 
engine  could  be  installed  ^fig  9) .  At  DIDO  the  flux  at  the  25m  station  was  5  x 
103  cold  neutrons  cm*  sec  .  Thus  an  improved  imaging  system  performance  was 
required.  Due  to  the  lower  flux  the  signal  to  noise  ratio  was  worse  and  quantum 
mottle  was  evident  on  the  images. 

The  'Gem'  engine  (fig  10)  was  installed  and  run  at  various  engine  operating 
conditions  for  neutron  radiography  and  for  neutron  video  using  a  specially 
modified  Oude  Delft  'Delcalix'  image  intensifier  with  Gadolinium  Oxysulphide 
phosphor  screen.  The  location  and  distribution  of  the  oil  with  the  engine  static 
was  clearly  visible  (fig  11)  and  when  the  engine  ran  up  to  'ground  idle*  the 
priming  sequence  was  also  clearly  seen  (fig  12) . 

The  engine  was  then  run  up  to  'Flight  Idle'  conditions  and  a  number  of  features 
of  engineering  interest  were  visible: 

.  The  time  to  prime  and  fill  the  centre  shaft  from  engine  start  and  the  time  for 
the  gear  lubricating  jet  to  commence  operation  could  be  recorded. 

The  quantity  of  oil  in  the  scavenge  sump  could  be  measured  precisely  for  each 
engine  operating  condition. 

.  The  efficiency  of  lubrication  of  the  gear  wheels  could  be  observed.  The  air 
currents  created  by  the  rotating  gears  could  be  seen  to  create  a  depression  on 
the  surface  of  the  scavenge  pool.  The  lubricating  jet  was  deflected  by  the 
air  currents  with  the  result  that  the  gear  teeth  were  not  lubricated  by  the 
jet. 

.  Due  to  the  lack  of  an  air  deflector  in  the  scavenge  system,  as  it  entered  the 

rear  bearing  housing,  the  air  passed  down  the  rear  scavenge  return  pipe 

preferentially  to  the  oil.  A  constriction  occurred  in  the  return  pipe  at  a 

union  joint  and  it  appeared  that  little  oil  was  passing  the  union  and 
returning  to  the  oil  tank.  As  a  result  the  bearing  housing  overfilled  and 
leakage  occurred. 

Thus,  in  the  first  experimental  work,  using  Neutron  Radiography,  significant 
information  was  obtained  on  the  behaviour  of  lubrication  systems.  Indeed  the 
sensitivity  of  the  real  time  imaging  system  was  such  that  oil  mist  droplets 
estimated  at  20  microns  diameter  could  be  seen  in  the  centre  of  a  running  aero 
gas  turbine. 

In  other  parts  of  the  engine,  problems  were  encountered  due  to  films  of  oil 
trapped  within  external  heat  shields  which  obscured  the  internal  images. 
Similarly,  when  oil  was  thrown  onto  the  walls  of  the  bearing  housing  by  the 
rotating  gear  wheels,  then  all  internal  imagery  was  lost  and  the  casings  became 
opaque.  Thus  the  technique  has  great  value  in  priming  sequences.  Image  blur  was 
encountered  due  to  small  angle  scattering  in  the  JETHETE  material. 

In  1977  a  specialised  Thomson-CSF  Neutron  Intensifier  was  obtained  and  used  to 
examine  oil  and  fuel  pumps. 

A  useful  technique  used  in  the  cold  neutron  imaging  project  was  to  image  an 
engine  "dry"  with  no  fuel  and  to  store  this  image  digitally  in  a  frame  store. 

The  engine  was  then  filled  with  oil,  the  engine  started,  and  the  priming  and 
running  sequences  were  imaged.  The  original  engine  image  was  continually 
subtracted  in  live  time  from  the  incoming  running  engine  image  leaving  on  the 
monitor  screen  only  the  lubricating  oil  image.  This  could  be  clearly  seen  and 
its  distribution  determined.  By  this  means  cold  engines  and  cold  fuel  at  various 
temperatures  could  be  tested  to  determine  the  way  in  which  temperature/viscosity 
relationships  affect  the  lubrication  distribution  patterns. 

The  main  problem  besetting  Neutron  Radiography  as  a  technique  at  present  is  the 
fixed  nature  of  the  neutron  source.  This  requires  that  all  engine  or  rig  testing 
should  be  carried  out  at  Harwell.  As  pumping  rigs  are  not  always  transportable, 
this  limits  the  test  programme.  The  size  of  the  experimental  station  in  the  20 
metre  blockhouse  limits  engine  installations  and  engine  noise  was  a  problem.  The 
limitation  on  the  thickness  of  steel  which  may  be  penetrated,  to  3*,  also  reduced 
the  application. 

It  would  now  appear  that  a  portable,  superconducting  magnet,  cyclotron,  neutron 
source  may  become  available  from  Oxford  Instruments  within  the  next  5  years. 

This  would  remove  some  of  the  basic  problems  which  have  limited  Neutron 
radiography  and  permit  its  use  in  gas  turbine  engine  test  beds  in  the  same  manner 
as  the  'Super  X'  linac  is  applied. 

The  author  was  awarded  the  Stuart-Ackroyd  Propulsion  prize  of  the  Royal 
Aeronautical  Society  1983  for  this  work. 
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References  (19)  to  (22)  describe  the  work  in  more  detail  as  does  Patent  3. 


3.  Positron  Emission  Tomography  imaging  of  lubricating  fluid  behaviour 

This  describes  a  collaborative  programme  between  Rolls  Royce,  Castrol,  Rutherford 
Appleton  Laboratory  and  Birmingham  University  (ref  the  NIM  paper) .  Following  the 
cold  neutron  radiography  work  which  commenced  in  1975-6  and  covered  aero  gas 
turbines#  Ramjet  fuel  metering  systems.  Fuel  Vapour  Core  pumping  systems  and 
Automotive  engines,  it  was  realised  that  neutron  techniques  were  good  for  certain 
subjects  but  not  for  others.  A  portable  technique  was  required  which  could  be 
taken  to  engine  teat  beds.  Then,  ns  now,  no  such  portable  neutron  source  exists 
and  so  other  alternative  imaging  possibilities  were  explored. 

In  1980,  following  a  year  of  cooperative  investigation  into  a  range  of  techniques 
including  gamma  cameras,  it  was  concluded  that  the  medical  technique  of  Positron 
Emission  Tomography  had  application  to  mechanical  engineering  problems.  In 
particular  that  it  may  be  possible  to  image  and  locate  in  3  dimensions  the 
lubricating  oil  within  the  engine  and  to  identify  oil  management  problems.  It 
was  also  realised  that  engineering  has  an  advantage  over  medicine.  The  internal 
distribution  of  mechanical  components  in  the  engine  lubrication  system  is  well 
known  and  relatively  static  and  of  course  they  can  withstand  higher  radiation 
doses. 

The  heart  of  the  industrial  PET  system  is  the  two  multi-wire  proportional 
counters  which  were  developed  for  medical  appli  ations  by  the  Rutherford  Appleton 
Laboratory  of  the  SERC.  For  the  Industrial  Por  xtron  Emission  Tomography  (Patent 
4)  project  new  larger  format  MWPC ' s  were  devel  ped  by  R.A.L.  with  200mm  x  400mm 
effective  active  area  and  delivered  to  Birmin  ,aam  University  in  May  1984. 

An  MWPC  is  placed  on  either  side  of  the  test  object  and  a  positron  emitting 
isotope  is  injected  into  the  lubricating  oil  or  fluid  flow  within  the  test 
object. 

A  positron  is  an  anti-matter  particle  -  a  positive  electron.  When  emitted  from 
an  isotope  it  travels  a  short  distance  and  encounters  an  electron,  in  this 
encounter,  annihilation  occurs.  Two  gamma  rays  at  a  precise  energy  level  of  511 
KeV  are  generated  at  the  annihilation  site  and  are  virtually  co-linear  travelling 
in  opposite  directions. 

Due  to  the  construction  of  the  multi-wire  counter  -  it  has  a  number  of  wire 
matrices  assembled  together  in  a  block  -  it  can  detect  the  X-Y  co-ordinate 
locations  of  the  incident  gamma  rays.  A  coincidence  counter  ensures  that  each 
gamma  pair  incident  in  the  two  detectors  is  identified  as  originating  from  the 
same  annihilation  site.  This  information  is  stored  in  computer  memory.  Thus  a 
three  dimensional  image  is  maintained  defining  the  distribution  of  radio-labelled 
lubricating  oil  in  the  system. 

Similarly,  a  three  dimensional  volume  graphical  image  may  be  constructed  within 
the  computer  simulating  the  engine  or  test  object.  The  axes  of  the  graphical  and 
isotope  images  are  then  superimposed  and  an  engineer  may  sit  at  a  terminal  and 
call  up  any  of  16  or  32  vertical  planes  or  tomes  distributed  across  the  test 
object.  He  may  view  a  desired  graphical  section  through  the  test  object  and  the 
location  of  the  oil  may  be  superimposed.  In  order  to  obtain  information 
contained  within  a  number  of  planes,  oblique  or  other  inclined  sections  may  be 
accessed.  A  three  dimensional  graphical  image  may  be  constructed  of  the  engine 
lubrication  system. 

With  known  volumes  of  oil  and  the  system  geometry  -  quantitative  data  on  fluid 
volumes  may  be  derived.  Thus  the  distribution  of  the  lubricating  fluid 
throughout  the  system  may  be  defined  and  the  way  in  which  this  varies  with  engine 
power  level  setting. 

Work  has  been  carried  out  using  the  PET  system  on  a  bearing  rig  which  was 
designed  to  incorporate  the  three  major  methods  of  lubrication,  fig  13,  these 
being:  a  flood  feed  and  two  types  of  jet  pressure  feed.  The  liquid  was  Turbine 
Engine  Lubricating  Fluid  doped  with  the  positron  emitting  isotope  -  Gallium  68. 
The  bearing  was  driven  at  1500  rpm  and  the  efficiency  of  the  feed  methods  were 
examined  in  turn. 

Flood  feed  'A'  demonstrated  the  simplest  form  of  lubrication.  Oil  is  supplied  to 
one  side  of  the  bearing  and  the  sealing  system  is  so  arranged  that  the  only  exit 
is  across  the  bearing  into  a  drain  on  the  opposite  side.  A  more  refined  system 
is  jet  feed  'B1  in  which  oil  is  directed  at  the  gap  between  the  cage  and  the 
races  -  scavenge  ports  are  provided  on  both  sides  of  the  bearing.  Jet  feed  ' C • 
represented  an  under  race  oil  feed. 

Sixteen  tomogram  planes  were  taken  across  the  bearing  rig  with  5mm  separation. 

The  images  were  provided  in  five  colours  to  show  the  intensity  variation  within  a 
particular  image  to  aid  interpretation. 
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(Fig  14)  Flood  feed  'A'  could  be  seen  to  provide  saturation  lubrication,  with 
large  quantities  of  oil  moving  around  the  bearing  race  during  operation.  Jet 
feed  'B*  (fig  15)  was  shown  to  provide  adequate  lubrication  of  the  bearing  with 
most  of  the  oil  being  forced  into  and  across  it.  Jet  Feed  'C'  (fig  16)  was 
examined  and  the  results  were  totally  unexpected.  Close  inspection  of  the 
isotope  imagery  revealed  an  oil  injection  vector  opposite  to  that  intended.  It 
was  concluded  that  the  rig  was  mis-assembled.  On  strip  it  was  found  that  the 
feed  pipe  had  rotated  approximately  135°  from  design  position.  Thus  the 
capability  of  the  technique  in  imaging  oil  jets  and  flow  behaviour  was  clearly 
proven  and  its  value  in  fault  diagnosis  was  unintentionally  shown  in  the  first 
experiment. 

The  next  step  in  be  programme  was  to  apply  the  PET  system  to  a  real  engine 
situation.  The  'Gem'  engine  was  selected  due  to  its  small  size  and  because  it 
exhibits  an  interesting  oil  system  behaviour.  A  module  was  made  available  (fig 
17)  and  doped  oil  was  fed  and  imaged  within  the  module  to  calibrate  the  system 
and  determine  appropriate  activity  levels,  absorptions  and  scattering.  A  full 
engine  was  then  supplied  and  placed  between  the  MWPC’s  in  the  laboratory  (fig  18) 
and  point  and  line  sources  were  placed  in  selected  fluid  annuli  with  good 
results. 

It  is  intended  to  carry  out  a  full  test  in  late  1986  with  a  running  engine  and  a 
programme  is  currently  proceeding  to  prepare  for  this  test.  The  MWPC's  have  been 
checked  for  integrity  and  performance  in  the  noise  field  of  a  simulated  running 
engine  and  the  on-site  isotope  production  and  handling  facilities  are  currently 
being  prepared. 

In  the  future  the  collaboration  expects  to  extend  the  work  to  characterise  the 
behaviour  and  distribution  of  lubricating  fluid  in  engine  gearboxes  at  varying 
power  level  settings. 

Reference  (23)  (24)  and  Patent  4  describes  the  work  in  more  detail. 


4 .  Conclusions 


It  can  be  seen  that  non-invasive  techniques  using  penetrating  radiations  for  the 
visualisation  and  measurement  of  events  in  gas  turbine  engines  represents  a  new 
generation  of  diagnostic  methods. 

Conventional  instrumentation,  often  requires  extensive  modification  to  the  engine 
to  sample  and  lead  out  the  data.  Radiation  techniques  need  little  if  any 
modification  and  can  examine  any  engine  exhibiting  a  problem  as  supplied  without 
expensive  and  time  consuming  strip  and  rebuild. 

Radiation  imaging  methods  can  provide  area  scans  across  an  engine  -  this  is  not 
usually  possible  with  point  instrumentation.  Local  relationships  between  for 
instance,  adjacent  seals  can  be  easily  seen  with  x-rays. 

Summing  up,  metal  component  behaviour  can  be  seen  with  high  energy  x-rays. 
Lubricating  fluid  and  fuel  behaviour  can  be  seen  with  'Cold'  Neutron  imaging  and 
Positron  Emission  tomography.  At  the  present  time,  it  has  not  been  possible  to 
characterise  the  behaviour  of  air  and  combustion  gas  flows  using  radiation  based 
non-invasive  techniques  but  this  remains  a  distinct  possibility  for  the  future. 
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Fig  1  -  X-ray  penetration  of  steel  versus  x-ray  energy 


Pig  2  -  Block  diagram  of  RDL  'Super  X 


linear  accelerator 


Ray  intensifies  imaging  system 


Fig  5  -  Rol la  Royce  X-ray  Phatograauaetry  system 


Differential  absorption  and  scattering  neutron  cross-sectionB  for  hydrogen 
(oil)  and  iron  versus  neutron  energy 
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Fig  7  -  Installation  of  RR  ’Viper’  engine  and  'Delcalix*  real-time  neutron  imaging 
system  on  Cl  residual  cold  beam  -  ’HERALD'  reactor  AW RE  Aldermaston 


Fig  8  -  Cutaway  view  of  Rolls  Royce  ’Gem'  helicopter  engine 


Installation  of  RR  'Gem'  engine  on  6H  cold  beam,  30M  station,  'DIDO*  reactor 
AERE  -  Harwell 
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-  General  arrangement  of  RR  'Gem'  engine  oil  pressure  -  scavenge  system 


Fig  15  -  Radioisotope  and  computer  model  overlay  images  -  Jet  Peed  1 B * 


Fig  16  -  Radioisotope  and  computer  model  overlay  images  -  Jet  Feed  'C' 
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DISCUSSION 


G.Ahrang,  US 

Do  you  hold  any  hope  that  Neutron  radiography  of  that  type  could  be  done  with  sources  other  than  reactor  neutrons? 

Author’s  Reply 

Yes.  At  the  present  moment  we  are  working  on  exactly  such  a  source;  there  are  some  new  advances.  The  NMR  scanner 
utilises  superconducting  magnets;  we  are  working  with  Oxford  Instruments  in  the  UK  who  produce  most  of  the 
superconducting  magnets.  We  are  looking  at  a  superconducting  cyclotron;  I  have  to  do  some  studies  when  I  get  back  but 
we  are  hoping  that  it  might  be  available  within  then  next  5  years  and  that  does  three  things.  It  has  an  output  of  10'4  cold 
neutrons/sec  and  it  will  do  neutron  radiography  both  Epithermal,  thermal  and  Cold.  We  think  that  probably  the  flux 
will  be  about  106  cold  neutrons  per  cm2  per  second.  It  is  also  a  source  of  position  emitting  isotopes  of  high  energy  and 
short  duration,  rather  than  the  gallium  68  techniques  we  have  been  using,  and  finally  with  storage  rings  it  should  be 
suitable  for  non-invasive  remote  temperature  measurement  to  an  accuracy  of  about  5'C  in  1000*C  of  metal  temperature 
non-invasively. 


G.AIwang,  US 

In  the  X-ray  example  that  you  used  you  say  the  trailer  was  up  to  200  ft  away  from  the  source  of  x-rays.  Do  you  have  to 
eliminate  people  from  an  area  of  200  ft  to  protect  them  from  radiation? 

Author’s  Reply 

We  tend  to  operate  in  the  same  way  that  you  do  at  Pratts  with  test  sites  which  are  enclosed  in  test  beds,  but  the  one  I  was 
showing  was  an  open  air  site  at  Rolls  Royce  at  Hucknal!  and  we  define  a  zone  which  is  unsafe  and  then  beyond  that  it  is 
safe.  200  ft  just  happens  to  be  a  distance. 


W.SUnge,  US 

Have  you  given  any  thought  to  or  looked  into  using  neutron  diffraction  for  measuring  strains  in  an  operating  engine? 

Author’s  Reply 

Neutron  diffraction  has  in  fact  been  studied  quite  extensively  at  Harwell  and  we  are  hoping  to  go  onto  a  very  intense 
beam  at  the  ISIS  accelerator  at  the  Rutherford- Appleton  Laboratories  in  the  UK.  I  think  that  trying  to  measure  strain  by 
neutron  diffraction  is  possible  but  in  an  operating  engine  it  would  be  very  difficult  because  of  the  vibration.  However, 
using  a  pulsed  neutron  source,  this  may  be  possible.  One  could  use  it  for  looking  into  turbine  disks  deeper  than  one 
could  with  x-rays. 
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ABSTRACT  „ 

With  regard  to  maximum  efficiency  of  gas  turbine  compressors,  small  blade  tip 
clearances  during  all  engine  operating  conditions  should  be  achieved.  In  order  to 
determine  the  tip  clearance  during  compressor  tests,  a  reliable  measuring  technique 
has  been  developed  at  MTU.  Using  this  temperature-insensitive  capacitive  probe  system 
(Coulomb  system) ,  tip  clearance  can  be  monitored  even  during  fast  transient  con¬ 
ditions.  The  sensors  of  the  multichannel  equipment  can  operate  up  to  high  tempera¬ 
tures  without  cooling.  Application  to  compressor  testing  is  described  in  two 
examples;  a  high-speed  centrifugal  compressor  rig  and  the  intermediate-pressure 
compressor  of  a  jet  engine.  ^ 

1 .  INTRODUCTION 

The  efficiency  of  a  compressor  depends  not  only  on  the  aerodynamic  configuration 
of  the  rotor  and  stator  blades,  but  also  on  the  clearance  between  the  rotor  blade 
tips  and  the  casing,  which  varies  for  each  operating  point.  Different  effects  cause 
the  clearance  to  change  depending  on  the  operating  condition  of  the  machine.  During 
speed  increase  extension  of  the  rotor  as  a  result  of  increasing  centrifugal  force 
reduces  the  clearance.  In  contrast,  heating  of  the  casing  by  the  compressed,  and 
thereby  warmed-up,  working  medium  (air)  increases  the  clearance.  These  two  phenomena 
act  on  the  clearance  with  different  time  constants,  meaning  that  a  statement  con¬ 
cerning  the  actual  clearance  during  transient  conditions  can  be  made  only  if  the 
clearance  is  measured  continously  by  a  reliable  means. 

To  be  suitable  the  measuring  procedure  must  satisfy  a  number  of  requirements;  namely, 
it  must  be  capable  of  measuring  the  clearance  and  registering  rapid  changes  up  to 
high  rotor  speeds,  i.e.  at  high  blade  cycle  frequency  (max.  50  kHz),  with  sufficient 
accuracy  (error  less  than  0.01  mm).  The  measurement  result  must  not  be  influenced  by 
the  temperature  at  the  probe  and  along  the  connecting  lead  or  by  the  way  it  changes. 
Furthermore,  the  probes  must  be  capable  of  operating  without  cooling  throughout  the 
working  temperature  range  of  the  compressor,  because  any  form  of  probe  cooling 
disturbs  the  thermal  profile  of  the  test  item  locally,  consequently  changing  the 
geometry  at  the  measuring  point,  i.e.  causes  distortion  of  the  clearance  measurement. 

A  suitable  commercial  measuring  system  that  met  all  these  requirements  did  not  exist, 
so  one  has  been  developed  at  MTU  Mtlnchen  over  the  last  10  years.  The  operating  prin¬ 
ciple  of  the  so-called  Coulomb  system  / 1 /  and  of  the  equipment,  which  has  now  been 
developed  into  a  mulitchannel  test  Bet,  is  explained  briefly  below.  Then  the  effi¬ 
ciency  of  the  system  is  demonstrated  by  two  examples  of  application  taken  from  prac¬ 
tice. 


Fig.  1 


Coulomb  system  tip  clearance  measurement  set-up 


2. 


MEASURING  TECHNIQUE 


The  measuring  probe  of  the  Coulomb  system  is  a  capacitive  sensing  element  of 
triaxial  construction,  firmly  installed  in  the  test  item  casing  (Fig.  1) .  The  met¬ 
allic  sensing  surface  of  the  probe,  which  is  surrounded  by  two  mutually  insulated 
concentric  screens,  in  conjunction  with  the  blade  surface  forms  a  plate  capacitor. 

The  capacitance  of  the  latter  depends  on  the  spacing  between  the  plates,  i.e.  on  the 
gap  between  the  probe  and  blade  tip.  The  capacitance  increases  when  the  gap  de¬ 
creases. 

Contrary  to  usual  capacitance  measuring  devices,  the  MTU  Coulomb  system  does  not 
measure  the  overall  capacitance  including  that  of  the  probe  itself  and  of  the  wiring, 
but  only  that  of  the  clearance  capacitor  between  the  blade  tip  and  probe.  This  is 
achieved  by  measuring  the  electrical  load  required  for  charging  and  discharging  the 
clearance  capacitor  when  a  blade  moves  past  the  probe.  With  constant  initial  voltage 
between  the  blade  and  probe,  each  blade  charges  the  probe  again  individually,  since 
the  capacitor  is  totally  free  of  charge  within  the  spaces  between  the  blades.  The 
amount  of  the  charge  varies  according  to  the  individual  blade  to  probe  distance. 

A  charge  converter  with  bias  connected  to  the  probe  transforms  the  charge  pulses 
to  voltage  pulses.  Each  of  these  pulses  represents  the  charge  of  the  clearance 
capacitor  with  one  blade.  The  pulse  height  is  approximately  inversely  proportional  to 
the  tip  clearance.  Therefore  the  output  signal  of  the  charge  converter  is  fed  to  a 
peak  reader  to  measure  and  digitise  the  height  of  each  pulse.  A  minicomputer  cal¬ 
culates  the  tip  clearance  on  the  basis  of  calibration  data. 

In  calibration,  the  influence  of  the  active  area  of  the  probe  and  blade  is 
determined  directly  at  the  point  of  measurement,  and  the  nonlinear  relationship 
between  the  clearance  and  measurement  voltage,  which  deviates  slightly  from  the 
physical  law  of  a  plate  capacitor,  is  also  determined.  This  relationship,  which  is 
different  for  each  measuring  position,  then  forms  the  basis  for  converting  the 
measured  peak  voltages  into  clearance  values  with  the  minicomputer. 

For  system  calibration  the  rotor  is  fixed  with  a  blade  tip  opposite  to  the 
centre  of  the  probe.  During  calibration  the  distance  of  the  probe  to  the  fixed  blade 
is  varied.  Using  an  AC  voltage  instead  of  a  DC  bias  at  the  probe,  a  clearance- 
dependent  charge  is  induced,  which  is  precisely  as  great  as  that  with  a  blade  passing 
at  the  same  distance  with  DC  bias.  This  has  the  decisive  advantage  that  calibration 
with  the  machine  at  standstill  directly  provides  the  parameters  for  measurement  on 
the  machine  in  operation. 
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Fig.  2  Main  components  of  the  3-channel  Coulomb  system 


3.  MEASURING  EQUIPMENT 

Apart  from  the  accompanying  minicomputer,  the  whole  test  set  was  developed  at 
MTU  to  suit  the  special  requirements.  A  schematic  of  a  3-channel  Coulomb  system  is 
shown  in  figure  2. 


29-4 


The  triaxial  probe  is  made  with  specific  dimensions  for  each  test  point.  A 
method  of  manufacture  has  now  been  standardised  which  guarantees  the  necessary  high 
insulation  resistance  between  the  electrodes  throughout  the  service  temperature 
range,  although  -  as  shown  in  figure  3  -  the  outer  dimensions  of  the  probes  are 
relatively  small.  Figure  4  represents  an  axial-centrifugal  compressor  with  Coulomb 
probes  for  clearance  measurement  fitted  to  the  three  axial-flow  stages.  The  removable 
calibrating  slide,  consisting  of  micrometer  and  digital  linear  transducer,  is  still 
attached  to  the  middle  probe. 

A  charge  amplifier  is  used  to  transform  the  pulse-type  changes  in  the  charge  of 
the  probe  into  equivalent  voltage  signals  with  high  sensitivity  (50  raV/pC) .  The 
required  maximum  blade  cycle  frequency  of  50  kHz  means  that  the  band-width  of  the 
amplifier  must  be  in  the  region  of  500  kHz  to  make  certain  that  the  amplitude  of 
every  pulse  is  reproduced  faithfully,  even  with  steep  forward  edges,  i.e.  with  high 
frequency-content  of  the  signals.  The  amplifier  unit,  which  is  installed  in  the  test 
chamber  about  2  m  from  the  probe  during  measurement,  is  fitted  with  three  other 
elements;  the  power  pack  for  the  whole  unit,  a  stabilisation  stage  for  the  50  V  DC 
initial  probe  voltage  and  a  differential  amplifier,  which  refers  the  floating  output 
signal  of  the  charge  amplifier  stage  to  the  mass  potential  again  with  slight  ream¬ 
plification  (see  Fig,  1). 

The  amplitudes  of  all  blade  pulses  are  determined  and  digitised  by  the  con¬ 
ditioning  electronics.  In  addition  to  the  digital  measured  values,  an  incorporated 
interface  also  passes  various  error  codes  on  to  the  computer.  The  computer  is  thus 
able  to  recognise  if  the  charge  amplifier  or  the  conditioning  electronics  is/are 
overloaded,  or  if  the  probe  initial  voltage  has  failed  or  differs  too  much  *rom  the 
specified  value. 
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Fig.  5  VDU  read-out  of  the  3-channel  Coulomb  ayatem  running  in  the  ateady-atate 

measuring  node  (top) ,  transient  measuring  node  (middle) ,  and  in  the  case  of 
an  error  occurring  in  channel  1  and  channel  2  (bottom) 
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Op  to  6  special  channels  can  be  connected  to  the  computer,  type  PDP  11-23  with 
standard  periphery.  All  channels  are  scanned  sequentially  and  the  results  are  pro¬ 
cessed  in  accordance  with  the  operating  mode  selected;  where  the  maximum,  minimum  and 
mean  clearance  can  be  shown  by  the  VDU  for  each  channel  in  steady-state  measurement 
mode  (Fig.  5,  top) ,  but  only  the  minimum  clearance  at  increased  speed  of  measurement 
in  the  transient  measurement  mode  (Fig,  5,  middle).  The  error  signals  are  also  shown 
on  the  VDU  (Fig,  5,  bottom) .  Another  mode,  that  of  individual  blade  measurement,  is 
not  illustrated  in  figure  5.  In  this  mode,  a  clearance  value  is  printed  out  for  every 
blade  of  the  rotor. 

The  accuracy  of  the  Coulomb  system  depends  decisively  on  the  range  of  measure¬ 
ment,  which  is  about  0-2  mm  for  the  usual  blade  geometry  at  MTU.  Best  accuracy  of 
+  5um  is  attained  in  the  range  of  0-1  mm,  whereas  the  error  increases  to  about  +  12um 
toward  the  range  limit  of  2  mm.  The  maximum  permissible  operating  temperature  61  the 
Coulomb  probes  is  about  1000  K  without  additional  cooling. 


4.  EXPERIMENTAL  RESUTLS 

Two  examples  of  application  to  compressors  under  development  demonstrate  the 
variety  of  the  system:  a  high-speed  centrifugal  compressor  and  an  IP  compressor  in  an 
engine. 

Because  of  the  extremely  compact  size  of  the  centrifugal  compressor,  the  probes 
have  to  be  very  small  for  measurement  of  the  axial  clearance.  The  positions  of  probe 
installation  are  shown  in  figure  6.  Three  probes  are  arranged  at  120°  intervals 
around  the  circumference.  The  minimum  clearance  values  of  the  three  probes  are 
available  on-line  during  the  test.  A  section  from  an  UV  recorder  plot  for  the  take¬ 
off  phase  is  represented  in  figure  7,  showing  the  probe  signals,  speed  and  exhaust 
temperature.  The  signals  from  the  three  probes  reveal  identical  clearance  charac¬ 
teristics  throughout  the  operating  range.  In  other  words,  no  asymmetrical  deformation 
of  the  casing  or  uncontrolled  axial  movement  of  the  rotor  occurred. 


Fig.  6  Stator  and  rotor  of  tha  centrifugal  compressor  removed  for  probe 

installation  and  calibration.  Two  of  the  three  mounting  positions  provided 
on  the  casing  for  the  axial  clearance  measuring  probes  can  be  seen,  as  well 
as  one  of  the  probes  with  two  components  of  the  calibration  device  on  the 
right  (diameter  of  the  impeller  is  about  240  mm) 
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Vertical  scale:  AC-Probes:  0.05/DIV  Temperature:  50°C/DIV  Speed:  5%/DIV 

Fig.  7  UV  recorder  plot  of  axial  clearance  (AC)  behaviour  during  starting  phase  of 
the  centrifugal  compressor 


Fig.  8  Relation  between  efficiency  and  axial  clearance  of  a  centrifugal  compressor 

Thia  compressor  was  provided  with  the  possibility  of  running  the  rotor  in  two 
axial  positions  about  0.2  mm  in  difference.  The  axial  clearance  measurements  for  the 
two  positions  are  compared  with  the  efficiency,  measured  at  the  same  time  over  the 
full  speed  range  of  the  rig  (Fig,  8).  The  results  show  that  an  increase  of  0.2  mm  in 
the  clearance  is  enough  to  reduce  the  efficiency  of  the  centrifugal  stage  by  II. 

Because  of  the  light  construction  of  modern  jet  engine  casings,  it  is  advisable 
to  have  simultaneous  tip  clearance  measurement  at  more  than  one  circumferential 
position  per  plane.  Three  Coulomb  probes  were  mounted  in  the  first  stage  of  an  IP 
compressor,  and  connected  to  the  multichannel  Coulomb  system  for  simultaneous  measure¬ 
ment  of  the  transient  behaviour  of  the  tip  clearance  (Fig.  9) .  Figure  10  shows  the 
face  of  an  installed  probe  looking  towards  the  casing  inner  contour.  The  triaxial 
arrangement  of  the  electrodes  is  clearly  visible.  The  high  dynamic  variation  in  the 
radial  clearance,  resulting  from  acceleration  or  deceleration,  is  Illustrated  in 
figure  11.  The  influence  of  centrifugal  force  during  acceleration  makes  itself  felt 
by  simultaneous  narrowing  of  the  clearance  (Fig.  11,  left).  The  delayed  heating  of 
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5.  CONCLUSION 
♦ 

In  the  meantime  it  has  been  possible  to  demonstrate  the  reliability  of  the 
Coulomb  system  in  a  large  number  of  applications.  Because  of  the  complicated  manu¬ 
facturing  procedure  of  the  probes  and  the  individual  manufacture  of  the  special 
electronics,  the  financial  outlay  for  the  test  set  is  very  high.  In  contrast,  the 
expenditure  on  installing  the  probes  in  the  test  item  is  very  low,  because  the  probes 
are  easy  to  install  thanks  to  their  small  dimensions.  The  laying  of  the  electrical 
leads  is  also  simple,  even  when  the  probes  are  installed  in  areas  that  do  not  give 
easy  access. 

The  simultaneous  clearance  measurement  at  several  circumferential  positions  in 
one  plane  provides  a  comprehensive  picture  of  the  clearance  behaviour.  It  also  makes 
it  possible  to  clearly  distinguish  between  rotational ly-symmetric  clearance  changes 
and  asymmetric  casing  deformations  or  the  effects  of  shaft  displacement.  Since  the 
Coulomb  probe  measures  each  blade  individually,  its  signal  can  be  used  also  for  trig¬ 
gering  other  processes  (e.g.  Laser- two- focus  velocity  measurement)  at  the  blade 
passage  by  means  of  simplified  electronic  cicuitry,  or  it  can  be  used  for  verifying 
blade  fracture. 

At  present,  active  closed-loop  clearance  control  by  Coulomb  probes  is  still 
hampered  by  the  required  complexity  of  the  electronics,  but  this  represents  a  worth¬ 
while  challenge  for  further  development  of  the  system. 
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DISCUSSION 


J.Chlvers,  UK 

Can  you  indicate  the  level  of  noise  you  experience  on  both  rig  and  engine  testing  as  your  circuits  do  not  show  any  filters 
and  using  peak  detectors  1  would  expect  noise  problems. 

Author’s  Reply 

Signal  to  noise  ratio  is  about  40  dB  of  the  measured  value.  The  uncertainty  in  the  peak  detector  signal  caused  by  noise 
effects  is  additionally  reduced  by  multiple  measurement  and  averaging  of  the  results  in  the  computer. 


J.Chivers,  UK 

How  would  you  expect  the  system  to  perform  in  the  presence  of  gas  turbine  combustion  products  which  could:— 

(a)  contaminate  the  insulators  and  lead  to  a  loss  of  probe  insulation  resistance  to  earth  and 

(b)  may  have  a  high  ionic  content. 

Author’s  Reply 

Up  to  now  we  don’t  have  any  experience  in  measuring  tip  clearance  in  the  tough  environment  of  the  turbine.  We  do 
know  the  influences  of  temperature  and  of  contamination  on  the  insulation  resistance  of  the  probe  material  separately 
but  we  do  not  know  the  result  when  all  these  hostile  effects  are  in  play  together. 


J  .Allan,  US 

I  understand  your  system  is  a  DC  excitation  system;  do  you  experience  at  the  higher  temperatures  any  type  of  a 
microphonics  problem  with  the  actual  cable  that  comes  out  of  the  engine? 

Author's  Reply 

Yes  —  there  were  microphonic  problems  which  we  have  now  solved  in  the  case  of  insufficient  fixture  of  the  cable  and 
high  vibrational  ‘g’-load.  Success  is  particularly  a  question  of  the  proper  selection  of  a  suitable  cable  from  the  market. 
The  voltage  we  use  is  about  50  volts  DC  its  a  bias  at  the  probe  and  we  didn’t  see  any  problems  by  resonance  or  effects 
tike  that. 


J-AUan,  US 

Do  you  mean  to  imply  an  absolute  accuracy  of  ±5  micron  for  your  system,  or  a  resolution  of  this  value?  I  feel  that  the 
major  difficulty  in  overall  accuracy  is  position  measurement 
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Author’s  Reply 

±5  micron  is  the  absolute  accuracy  of  the  measurement  of  the  probe-blade  distance.  Another  question  is  the  accuracy 
of  the  probe  position  with  respect  to  the  inner  contour  of  the  casing  within  the  whole  range  of  temperature. 

The  measurement  method  that  we  use  to  check  this  accuracy  is  another  electromechanical  system  that  we  use  in  our 
laboratory.  It’s  described  in  this  paper  of  1 98 1 ;  its  called  EMAG  and  this  has  an  accuracy  of  about  2  microns  —  this  is 
the  borderline  for  control  of  accuracy,  but  we  can't  say  so.  ±5  is  the  most  accurate  system  that  we  have  to  check  the 
accuracy  within  the  Industrial  Environment,  not  within  the  Laboratory. 

A.Ederhof,  Switzerland 

Is  there  any  dependency  between  the  detector  signal  and  the  rotor  speed?  In  other  words,  do  you  have  to  make  any 
corrections  due  to  rotor  speed? 

Author’s  Reply 

Not  at  all,  within  the  limit  of  the  maximum  detector  blade  passing  frequency  and  this  is  50  kHz.  If  you  operate  below 
this  there  is  no  correction  at  all.  There  is  no  physical  dependency,  provided  the  freqency  band  width  of  the  acquisition 
electronics  is  adequate. 


A.Ederhof,  Switzerland 

Sometimes,  especially  in  larger  engines,  it  can  be  difficult  to  calibrate  these  systems.  Do  you  have  any  experience  with 
absolute  devices  for  detecting  tip  clearances  of  around  2  mm  or  less? 

Author’s  Reply 

If  there  is  no  mechanical  access  to  the  probe  position  for  probe  calibration  —  not  even  during  the  phase  of  engine 
assembly  —  I  guess  there  v/ill  be  no  chance  to  install  an  absolute  electro-mechanical  sensing  device  like  our  EMAG  on 
the  Rotadata  equipment.  But  if  there  is  access,  our  EMAG  is  the  most  accurate  instrument  we  have  and  a  proper 
reference  for  the  Coulomb  probe. 


Unidentified  Speaker 

Could  you  discuss  the  limiting  aspects  or  conditions  of  your  clearance  probe  —  specifically  concerned  with  the 

following: 

( 1 )  Long  lead  lengths  of  1 00  ft  or  so  in  a  high  RF  or  noise  environment  in  a  test  cell. 

(2)  Wide  range  of  clearance  measurement  0.00 1  inch  to  0.25  inch- 

(3)  Wide  range  of  ambient  temperature  to  several  hundred  degrees  F  or  C. 

(4)  Wide  range  of  contamination  —  lube  oil  or  vapour  —  coupled  with  various  vibrating  mechanical  systems 

(5)  Reliability  and  durability  for  the  system  when  subjected  to  all  the  above  conditions  simultaneously. 

Author’s  Reply 

( 1 )  Maximum  distance  between  the  probe  and  the  first  electronic  component  (charge  amplifier)  should  be  about  2  m 
(7  ft).  This  low  level  signal  connection  cable  should  be  laid  out  and  fixed  very  carefully.  The  long  distance  lead 
from  the  charge  converter  to  the  peak  reader  unit  (about  30  m  “  100  ft)  which  carries  the  amplified  signal  can  be 
shielded  sufficiently  not  to  cause  noise  induction  by  the  test  bed  environment. 

(2)  With  respect  to  the  blade  geometry  and  the  adequately  sized  dimensions  of  our  probes  the  measuring  range  is  0—2 
mm  (see  p.29—5).  The  most  accurate  part  of  this  range  is  from  0—  1  min  due  to  the  fact,  that  the  probe  signal  is 
inversely  proportional  to  tip  clearance. 

For  security  reasons  we  usually  work  in  the  range  above  0.2  mm  because  of  the  displacement  of  the  probe  behind 
the  contour  of  about  0.2  mm. 

(3)  There  are  no  limitations  for  the  application  of  the  Coulomb  system  at  high  temperature  due  to  temperature 
induced  drift  of  probe  or  cable  capacity,  however  due  to  the  variation  in  electrical  resistance  of  the  insulating 
probe  material.  The  particular  high  temperature  limit  stated  by  the  input  circuitry  of  the  charge  amplifier  is  its 
minimum  input  resistance  of  1 00  k  Q. 

(4)  Contamination  is  a  limit  as  far  as  clearance  capacity  itself  is  concerned  by  variation  of  the  dielectric  properties. 
Lube  oil  and  other  dirty  deposits  on  the  probe  surface  will  limit  its  usability  only  if  the  overall  resistance  of 
insulation  drops  below  100  Q.  This  was  observed  in  one  single  case,  when  the  blades  worked  in  the  abrasive  layer 
inside  the  casing  and  spread  this  material  over  the  face  of  the  probe. 

(5)  Practice  told  in  a  large  number  of  applications  that  real  limitations  and  restrictions  on  reliability  and  durability  arc 
only  given  by  extraordinary  contamination  (see  pt  4)  e.g.  due  to  unreasonably  heavy  seeding  with  aerosol  particles 
during  laser-two-focus  measurement. 
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A.Bruere,  PR 

Have  you  observed  some  effect  of  dielectric  polarisation  of  the  probe  insulator  on  the  sensitivity  of  the  system? 

Author’s  Reply 

We  have  observed  polarisation  effects,  but  up  to  now  we  are  not  able  to  trace  these  effects  to  their  origin.  They  may  be 
caused  by  dielectric  polarisation  of  the  probe  insulation  material  but  also  by  insufficient  grounding  of  the  rotor  blade 
tips.  Nevertheless  we  overcome  this  problem  by  measuring  the  clearance  capacity  with  both  directions  of  the  DC-hias 
voltage  and  by  calculating  the  mean  values  of  these  two  measuring  results.  We  overcome  the  problem. 

A.Bmere,  FR 

How  do  you  take  into  consideration  the  effect  on  signal  of  thickness  disparity  between  blades? 

Author's  Reply 

Thickness  disparity  can  only  be  taken  into  account  by  the  calibration  of  each  blade  or  by  an  independent  mechanical 
measurement  of  blade  lip  thickness  prior  to  the  coulomb  application. 

A.  B  rue  re,  FR 

What  is  the  size  of  the  smallest  measuring  electrode  you  have  developed  or  checked? 

Author’s  Reply 

The  smallest  outer  probe  diameter  is  10  mm  (see  figure  3  of  my  paper).  The  diameter  of  the  sensitive  face-area  (of  the 
core  electrode)  usually  is  4.0  mm  in  accordance  with  blade  geometry  of  the  lest  item.  The  height  of  the  probe  is  only 
about  10  mm. 
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COMPRESSOR  BLADE  CLEARANCE  MEASUREMENT  USING  CAPACITANCE  AND  PHASE  LOCK  TECHNIQUES 

ROSARIO  N.  DEMERS 

_ _  ELECTRONICS  QJGINEER 

AfWAL/POTX,  WRIQfr-PATIERSCN  AFB  OH  45433-6563 

The  clearance  measurement  system  described  in  this  paper  has  several  unique  features  which  minimize 
problems  plaguing  earlier  systems.  These  include  tuning  stability  and  sensitivity  drift.  Both  these 
problems  are  intensified  by  the  environmental  factors  present  on  compressors  i .e. ,  wide  temperature 
f luctuaticns ,  vibrations,  conductive  contamination  of  probe  tips  and  others.  The  circuitry  in  this  new 
system  provides  phase  lode  feedback  to  control  tuning  and  shunt  calibration  to  measure  sensitivity.  The 
of  high  frequency  excitation  lowers  the  probe  tip  impedance  thus  minimizing  the  effects  of  contam¬ 
ination.  A  prototype  has  been  built  and  tested.  The  ability  to  control  tuning  and  to  calibrate  has  been 
demonstrated .  An  eight  channel  system  is  now  being  constructed  for  use  in  the  Compressor  Research 
Facility  at  Wright-Patterson  AFB  CH. 


The  efficiency  of  a  turbine  engine  is  to  a  large  extent  dependent  upon  the  mechanical  tolerances 
maintained  between  its  moving  parts.  One  critical  tolerance  is  the  compressor  blade  tip  to  case 
clearance.  For  sane  machines  this  clearance  can  exceed  2%  of  tte  blade  span.  Although  this  tolerance 
may  not  appear  severe,  the  impact  on  compressor  efficiency  is  dramatic.  The  penalty  in  percent 
efficiency  has  been  shewn  to  be  three  times  the  percent  clearance  to  blade  span  ratio1 2 3 4 5.  In  addition, 
each  percent  loss  in  catpressor  efficiency  represents  one  half  percent  loss  in  specific  fuel  ocnsuiption . 
However,  reducing  the  blade  tip  clearance  or  predicting  it  analytically  within  certain  accuracies  is 
difficult  to  achieve. 

There  are  many  factors  which  affect  blade  tip  clearance.  Some  of  these  are  listed  as  follows: 

1 .  Machining  tolerances 

2.  Mechanical  dynamics  (e.g.  shaft  vibrations) 

3.  Thermal  growth 

a.  Differences  in  thermal  growth  of  the  case  versus  the  growth  of  the  rotor  and  blades. 

b.  Dynamics  of  thermal  growth  due  to  the  rate  of  change  of  case  growth  versus  rotor  growth 
during  a  change  in  operating  condition. 

c.  Case  distortion  due  to  thermal  conditions. 

Many  of  these  factors  cannot  be  predicted  accurately  through  analytical  models.  Better  insight, 
therefore,  can  only  be  achieved  through  actual  measurements. 

Of  the  many  techniques  available  to  measure  clearance  through  non -am  tact  methods  only  a  few  are 
capable  of  such  measurements  on  an  operating  machine.  These  approaches  include,  capacitance,  optical  and 
traverse  probe  techniques.  This  paper  is  limited  to  one  of  the  several  capacitance  techniques  generally 
used. 

The  criteria  used  to  develop  the  capacitance  clearance  measurement  system  was  derived  in  part  fran 
cur  experience  with  the  J85  jet  engine.  The  7th  and  8th  stage  of  this  engine’s  ccupressor  has  140  blades 
each  which  are  approximately  0.5nm  thick  at  the  tips.  At  100%  speed  the  blade  passage  rate  exceeds 
37,000  per  second  which  allows  only  a  1.8  microsecond  exposure  to  the  capacitor  sensor.  It  is  this  time 
window  which  determines  the  minimum  bandwidth  necessary.  The  highest  temperature  for  the  eighth  stage  is 
approximately  300°C  which  although  not  very  high  does  present  problems  to  the  capacitance  clearance 
measuronent  system.  This  problem  is  due  to  the  effect  of  temperature  on  the  dielectric  properties  of  the 
ceramic  used  in  the  construction  of  the  probe.  A  change  in  probe  tenperature  causes  a  change  in 
capacitance  and  this  effect  mist  be  accounted  for.  In  addition,  the  probe  tips  are  exposed  to 
contaminants  such  as  oil  and  water  which  are  sometimes  ingested  into  the  engine.  The  -e  contaminants 
adversely  affect  the  probe  sensitivity  and  calibration  by  shunting  the  probe  tip  with  an  electrical 
resistance. 

Based  on  the  conditions  described  above,  the  following  criteria  was  established  for  the  development 
of  a  new  capacitive  clearance  measurement  syston. 

1.  Accuracy  of  . 025rm  with  a  0. 5irm  thick  airfoil  at  0 . 5mn  distance  from  sensor  using  a  3rrm  sensing 
element. 

2.  Frequency  response  of  1MHZ . 

3.  High  tolerance  to  probe  contamination  li.e.  10K  ohms  across  the  sensing  element  and  ground) . 

4.  Low  offset  drift  under  all  operating  conditions. 

5.  Useful  tenperature  range  to  800°C 

^Charles  W.  Elrod,  "Advances  in  Gas  Turbine  Engine  Sealing,"  9th  International  Conference  on  Fluid 
Sealing  (April  1981):  299-312 
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6.  Ch-line  sensitivity  calibration 

7.  Single  probe  design 

Koepinq  in  mind  the  criteria  established  above,  the  basic  system  consists  of  a  1QMKZ  tuned  circuit 
in  which  the  blade  to  sensor  capacitance  changes  the  circuit  phase  response.  It  is  this  phase  change 
which  is  detected  and  processed.  The  circuit  czn  be  configured  in  either  series  or  parallel  resonance. 

In  addition,  the  ccnpcnent  electronics  are  removed  from  the  probe  assembly  and  are  included  in  the 
exciter  /detector  electronics  a  short  distance  away  from  the  probe.  The  probe  itself  is  connected  to  the 
exciter /detector  via  a  short  low  capacitance  low  noise  cable.  The  advantages  of  this  configuration  are 
many.  The  probes  are  aiaple  enough  to  be  designed  and  built  to  accomodate  any  machine  and  environment. 
The  1QM1Z  excitation  frequency  provides  for  a  relatively  low  sensor  inpedanoe  of  100  to  400  ohms  and  is 
high  enough  to  insure  adequate  response  bandwidth.  The  probes  can  be  calibrated  at  very  low  speeds  and 
by  utilizing  precision  variable  capacitors  with  very  low  temperature  coefficients  the  sensitivity  can  be 
calibrated  during  operation.  By  using  a  varactor  diode  and  feedback  circuit  the  base  line  tuning  can  be 
kept  constant. 

The  series  configuration  as  shown  on  Figure  #1  and  its'  analytical  model  as  shew  in  Figure  #2  and  #3 
is  the  simplest.  The  phase  shift  at  resonance  is  already  90°  and  further  phase  shift  prior  to  the  phase 
detector  is  unnecessary.  If  1C  is  assumed  to  be  infinite  the  sensitivity  is  d0i ,  j/dO-l/wR  C2 
Note  the  sensitivity  is  inversely  proportional  to  the  frequency,  aeries  resistance  and  the  square  of  the 
total  capacitance.  The  reduction  of  total  capacitance  has  the  greatest  effect  on  the  increase  of  sensi¬ 
tivity  and  every  effort  is  made  to  minimize  this  parameter.  Although  it  is  desirable  to  obtain  a  high  Q 
for  this  circuit,  there  are  practical  limitations  which  most  be  considered.  First,  the  voltage  ratio 
between  point  #1  and  point  #2  should  be  kept  reasonable  due  to  the  limitations  of  the  electronics  in¬ 
volved  (i.e.  the  voltage  at  point  #2  can  cause  amplifier  overload).  Second,  the  effects  of  contamination 
of  the  probe  tip  wauld  greatly  exaggerate  the  changes  in  sensitivity.  A  good  ccraparonise  has  been  found 
through  experimentation  on  a  prototype  system.  In  this  system,  R.  »  5  ohms  and  It,  *  50K  ohms.  Figure  #4 
illustrates  the  effect  R  on  the  sensitivity.  By  changing  the  shtitnt  resistance  ftem  10 OK  chn  to  10K  ohm 
the  sensitivity  reduced  By  a  factor  of  2/3 .  This  reduction  is  unacceptable  unless  seme  provisions  are 
made  to  measure  the  change  in  sensitivity.  The  technique  used  will  be  described  in  a  later  paragraph. 

Using  the  parallel  configuration  as  described  in  Figures'  #5,  #6,  and  #7  provides  similar  results  to 
the  series  configuration.  The  advantage  of  this  circuit  is  the  near  unity  voltage  ratio  which  reduces 
the  burden  on  the  limited  anpliiier.  The  disadvantage  of  this  configuration  is  the  necessity  to 
establish  a  90°  phase  shift  in  the  reference  signal  input  to  the  phase  detector.  The  phase  shift  is 
created  by  two  R.C.  networks  which  are  adjusted  to  provide  45°  of  phase  shift  each.  Figure  #8  provides 
sane  insight  to  the  effect  of  shunt  resistance  on  sensitivity. 

Because  of  the  problems  associated  with  drift  an  automatic  tune  control  is  used.  Tuning  is  accom¬ 
plished  by  a  feedback  voltage  circuit  Figure  #9.  The  necessary  feedback  error  signal  is  provided  by  a 
negative  peak  detector  which  is  connected  to  the  phase  detector  output.  This  negative  peak  detector 
discriminates  between  the  baseline  and  signal.  Although  analog  circuitry  could  be  used  for  the  feedback 
signal  conditioning,  a  digital  technique  was  chosen.  The  digital  approach  allows  the  feedback  voltage 
to  the  varactor  diode  to  be  held  constant  while  a  sensitivity  calibration  ia  being  done.  Since  this 
calibration  requires  less  than  a  few  seconds,  the  anount  of  drift  in  the  baseline  due  to  tenperature  is 
not  anticipated  to  be  significant. 

The  sensitivity  calibration  set-up  is  acccrplished  via  a  SPOT  relay  and  a  pair  of  very  stable 
variable  air  capacitors  (Figure  #1) .  One  of  the  capacitors  is  adjusted  to  fine  tune  the  cable  probe 
assembly,  whereas  the  second  capacitor  when  selected  by  the  relay  is  adjusted  to  a  predetermined  baseline 
shift.  The  varactor  control  voltage  is  held  at  a  rxminal  value  during  these  procedures.  The  probe  to 
blade  calibration  most  then  be  dene  while  there  is  assurance  that  the  sensitivity  of  the  system  has  not 
changed.  Fran  then  on  during  any  test  operation,  the  calibration  relay  can  be  energized  and  the  baseline 
shift  noted  (feedback  to  varactor  diode  held  constant  when  the  relay  in  energized) .  Any  change  in 
baseline  value  frem  that  taken  during  bench  calibration  is  used  to  adjust  the  data  accordingly. 

Although  the  techniques  described  above  eliminates  scam  of  the  problems  related  to  capacitance 
clearance  measurement  systems,  other  problems  persist.  One  major  problem  of  capacitance  systems  is  the 
electric  field  fringing  effects  associated  with  the  sensor  probe.  The  assumption  of  using  the 
capacitance  model  of  two  flat  plates  is  invalid  insofar  as  ssell  probe  sensors  are  concern.  Therefore, 
physical  calibrations  rather  tlian  analytical  predictions  most  be  made.  In  addition,  if  the  blade  tips 
are  cloeely  spaced  as  in  the  J85  utmpreeaor  the  actual  calibration  borr— ■  even  more  complex  (Figure 
#10) .  The  only  recourse  new  is  to  obtain  as  much  in  foam  tier,  as  possible  on  bench  calibration  prior  to 
test.  An  alternative  is  to  redesign  the  probe  and  seme  of  the  circuitry  in  a  way  to  reduce  the  fringing 
effects  (Figure  #11).  The  use  of  a  driven  guard  can  be  used  to  reduce  the  fringing  effects.  TVo 
advantages  com  about  from  such  a  configuration.  First  the  blade  to  blade  spacing  is  not  as  critical 
because  of  the  reduced  fringing  and  second  the  apparent  total  capacitance  to  the  timed  circuit  is  reduced 
thus  ijqparoving  sensitivity  si<?\if leant ly.  The  disadvantage  is  the  reqoirmmnts  placed  an  the  guard 
driver  amplifier  which  must  drive  a  higher  capacitance  load.  The  capacitance  an  the  guard  to  ground 
shield  an  triax  cable  is  in  the  order  of  120  pf/ft  and  the  capacitance  of  the  probe  guard  to  probe  groimd 
ia  anticipated  to  be  in  excess  of  lOOpf  depending  cn  design.  Obviously,  this  approach,  is  not  a  panacea 
because  of  added  ccmplexity  to  the  circuit  and  probe  design. 

As  of  this  writing  a  prototype  exciter  /detector  circuit  and  probe  asesably  has  been  built  (Figure 
#12) ,  Hcmsvwr ,  the  testing  of  the  prototype  has  been  limited  to  the  verification  of  all  of  the  concept 
described  above.  The  sensitivity  neamirart  during  this  verification  pmresa  was  wall  within  the  value 
predicted  analytically;  the  operation  of  the  varactor  diode  and  the  calibration  circuits  have  performed 
without  problmw  using  —mal  control.  The  f  earth  art  control  circuitry  and  <  isgjutei'  interface  electronic* 
heme  been  <fesix?ied  but  not  built.  Our  present  effort  is  to  finish  the  fabrication  of  six  channels  for 
use  on  the  F100  engine  ocapreseor  which  ia  to  be  tested  during  July  19t€  at  the  Compressor  Waeaarrh 
Facility  at  Wright  Fa  tear  sen  AFB  OR.  Mesial  control  and  rnmlog  recording  will  be  used  on  these  channels 
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since  the  fabrication  of  the  control  and  ccnputer  interface  circuits  will  not  be  ocnpleted  in  time. 
Future  efforts  will  include  acme  modification  of  the  exciter/detector  circuit  and  probe  assemblies  to 
include  the  driven  guard  design  as  described  earlier. 
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DISCUSSION 


J.Chivers,  UK 

Will  the  clearance  system  stability  be  improved  sufficiently  by  the  possible  incorporation  of  the  driven  guard  electrode 
to  avoid  the  need  for  constant  recalibration  to  correct  for  temperature  induced  sensitivity  changes? 

Author’s  Reply 

The  feed  back  circuit  (variacter  diode)  keeps  the  circuit  tuned.  The  cable  capacitance  is  expected  to  change  with 
temperature  and  thus  the  sensitivity  is  expected  to  do  likewise.  The  sensitivity  change  will  be  twice  the  present  change  in 
total  capacitance.  However  the  change  in  total  capacitance  is  expected  to  be  slow,  therefore  recalibration  via  the 
sensitivity  calibration  circuit  need  not  be  accomplished  often.  Even  so,  the  calibration  need  only  take  a  few  seconds. 


J.Chivers,  UK 

There  is,  in  fact,  a  capacitance  carrier  based  guarded  clearance  system  which  is  commercially  available  in  the  UK  from 
one  or  possibly  (in  the  near  future)  two  manufacturers.  This  system  has  had  operational  experience  on  engine  and  rig 
fans,  high  pressure  compressors  and  also  engine  high  pressure  turbines. 

Author’s  Reply 

1  talked  to  Davidson  and  1  understand  that  system  is  and  FM  system.  One  of  the  advantages  of  the  system  I  have  is  that  1 
use  one  frequency.  1  can  go  to  as  many  probes  as  I  want  using  the  same  frequency  and  1  tune  to  that  frequency.  1  don't 
have  to  worry  about  beat  frequencies  and  that  is  an  important  consideration. 

J.Chivers,  UK 

Yes,  I  agree  that  is  an  important  consideration  but  in  fact  there  is  operational  experience  of  running  18  of  these  probes 
simultaneously  —  it  has  been  a  problem  but  it  has  been  overcome. 


J.  Allan,  US 

The  size  of  the  probe  was  not  mentioned  in  your  paper.  What  is  the  probe  size  —  what  is  its  diameter? 

Author’s  Reply 

The  probes  can  be  made  of  any  size.  The  one  that  I  am  using  on  the  F- 100  is  6  mm  in  diameter  —  it  is  threaded  —  the 
sensing  element  is  3  mm  in  diameter.  The  length  is  approximately  75  mm.  However  the  sensors  are  very  simple  in 
construction  and  can  be  made  to  accommodate  any  components.  They  should  be  good  from  about  zero  to  40  mils  in 
terms  of  sensitivity  —  I  have  had  no  problem  in  getting  a  good  signal  at  40  mils. 


J.AMan,  US 

It  seems  to  me  that  using  the  tuned  circuit  that  you  have  you  are  going  to  have  a  change  with  resistance  —  this  is  going  to 
be  changing  throughout  the  operating  range  of  the  engine  because  your  temperatures  are  varying.  Are  you  going  to  be 
able  to  compensate  for  operational  changes  in  temperature? 

Author’s  Reply 

That  is  the  beauty  of  the  whole  thing.  I  have  those  calibration  capacitors  —  I  have  a  vari-actor  diode  which  always  keeps 
it  in  tune  through  the  feedback  and  it’s  doing  that  continually  —  every  few  minutes  the  calibration  is  accomplished  in  a 
few  seconds. 


A.Bruere,  FR 

How  do  you  take  into  consideration  the  effect  on  signal  of  thickness  disparity  between  blades? 

Author's  Reply 

In  terms  of  the  thickness,  one  would  have  to  do  a  calibration,  blade  by  blade.  It  is  a  little  tedious  —  you  will  find  that  the 
variations  from  blade  to  blade  are  not  all  that  great  —  although  it  will  affect  your  accuracy  if  you  don't  do  it. 


A.Bruere,  FR 

How  do  you  calibrate  your  probe  versus  the  distance  between  blade  and  case? 

Author’s  Reply 

....  in  other  words  —  try  to  duplicate  what  you  would  have  on  the  machine  that  you  are  going  to  put  the  probes  on  —  now 
admittedly  you  will  probably  have  a  loss  in  accuracy.  That  way  there  are  always  undefined  areas  —  differences  which 
you  can’t  always  take  into  account  —  but  you  try  to  minimize  those  when  you  do  the  actual  calibration.  The  other  thing 
too  is  that  we  have  planned  to  use  this  system  and  complement  it  with  the  ROTADATA  system,  using  the  capacitance 
to  look  at  the  dynamic  conditions  or  the  changes  in  the  machine  and  to  use  the  ROTADATA  system  almost  right  next 
to  it  to  take  care  of  the  steady  state  measurement.  That  way  we  will  get  the  best  of  both  worlds. 
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AJBruere,  FR 

What  is  the  size  of  the  smallest  measuring  electrode  that  you  have  developed  or  checked? 

Author's  Reply 

The  smallest  one  that  1  have  made  —  the  sensing  element  is  approximately  3  mm  and  the  diameter  is  approximately  5 
mm  of  the  stem.  There  is  no  reason  why  they  cannot  be  made  a  little  bit  smaller  but  you  must  remember  that  as  you  go 
down  in  size  then  sensitivity  is  reduced  to  a  considerable  extent  and  it  cannot  be  as  effective  as  for  larger  gaps. 

C.Veret,  FR 

My  question  is  a  little  outside  the  framework  of  the  two  presentations  but  does  deal  with  clearances  in  turbo  engines. 
Some  years  ago,  work  was  published  on  obstacle  methods  used  for  measuring  the  clearances  in  gearboxes  and  housings. 
This  work  was  done  by  Pratt  and  Whitney  —  I  wonder  if  this  work  has  been  updated?  The  work  is  concerned  with 
optical  measurements  of  clearances  in  gearboxes  and  housings. 

Author’s  Reply 

Pratt  and  Whitney  and  General  Electric  both  have  had  optical  systems  for  measurement  of  clearance  —  I  have  seen  a 
variety  of  diagrams.  One  of  the  problems  that  1  see  with  using  optical  techniques  is  the  contamination  of  the  optics  and 
the  complexity  is  also  a  problem  with  optical  techniques. 

C.Veret,  FR 

I  conclude  then  that  these  techniques  are  no  longer  in  use  and  no  additional  studies  are  being  conducted  with  them. 
J.Chivers,  UK 

As  far  as  clearance  measurements  in  gearboxes  are  concerned  which  if  I  understood  the  question  correctly  is  what  it 
was  about  —  our  experience  is  that  we  would  tend  to  go  away  from  a  capacitance  based  technique  or  an  optical  based 
technique  for  the  very  reasons  that  were  given  —  because  of  the  contamination  —  and  we  would  tend  to  be  looking  for 
an  eddy  current-inductive  technique.  We  have  used  these  in  a  gearbox  environment  with  a  fair  degree  of  success. 

G.Ahrang,  US 

To  respond  to  the  specific  question  of  optical  proximity  probes  and  assuming  that  we  are  talking  about  turbine  blade 
tips  and  compressor  blade  tips  —  they  are  still  very  much  in  use  and  they  have  the  advantage  of  course  that  you  can  use 
them  at  extremely  high  temperatures  so  they  are  being  used  routinely  —  nevertheless  we  are  also  quite  interested  in  the 
simpler  capacitive  probes  for  the  regions  in  which  they  are  applicable. 

I.Namer,  US 

Probably  this  is  somewhat  of  an  unfair  question  since  you  are  talking  about  capacitance  measurements  but  could  you 
comment  on  the  possibility  of  using  an  ultrasonic  transducer  to  try  and  determine  the  tip  clearances? 

Author's  Reply 

When  you  are  looking  at  a  working  machine  and  you  are  taking  a  look  at  ultrasonics  let’s  consider  some  of  the  problems 
that  you  are  dealing  with.  You  are  dealing  with  blade  no  5  passing  frequencies  in  the  order  for  the  JT-5  of  37,  —  38,000 
blades  per  second.  The  JT-5  for  example  has  a  tip  thickness  of  approximately  0.5  mm  its  in  front  of  any  type  of  a  probe 
for  example  in  the  case  of  the  JT-5  for  1 .8  microseconds  —  in  other  words,  you  are  dealing  with  a  phenomenon  for 
example  that  is  already  in  the  ultrasonic  region.  The  other  thing  is  how  are  you  going  to  use  the  ultrasonics  —  are  you 
looking  at  the  wave  propagation  from  an  emitter  and  then  you  are  looking  at  the  delay  time?  Well,  the  blades  are  not 
there  long  enough  for  that  to  happen  unless  you  have  some  other  phenomenon  that  you  are  using  the  ultrasonics  which  I 
don't  know  anything  about. 

Unidentified  Speaker 

An  experience  that  we  had  at  MTU  with  ultrasonics  was  that  we  were  not  able  to  detect  the  tip  of  the  blade:  all  that  we 
got  was  information  about  the  hub  of  the  system. 
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TECHNICAL  EVALUATION  REPORT 
SESSION  VI  -  FUTURE  PROSPECTS 

by 

C.Veret 

ONERA 

29  Avenue  de  la  Division  Leclerc 
92320  Chatillon  sous  Bagneux 
France 

Les  techniques  nouvelles  qui  viennent  d'etre  prdsentdes  se  rattachent  aux  trois  thdaes  suivants  : 

-  Hesure  des  teapdrature*  et  concentrations  dans  des  adlanges  gazeux  s'appliquant  particulidreaent  aux 
ailieux  en  cours  de  reaction  et  en  coabustion. 

-  Ddveloppeaent  des  adthodes  d'interf drondtrie  holographique  pour  conduire  k  leur  exploitation 
quantitative. 

-  Wise  en  oeuvre  d'une  adthode  de  vdlociadtrie  laser  fournissant  des  rdsultats  siaultands  dans  tout  un 
cheap. 

1  -  MUtmx  Dll  TEMPERATURES  IT  COMCHTUTIOMS  DUS  LIS  MELANGES  0UIUZ 

En  ce  qui  concerns  la  preaidre  de  ces  techniques,  Monsieur  Rosier  nous  a  aontrd  les  rdsultats 
qu'il  a  obtenus  4  1  ONERA  lors  de  l'dtude  d’une  flaaae. 

La  technique  4  laquelle  il  est  fait  appel,  de  spectroadtne  par  absorption  n'est  pas  nouvelle  en 
elle-adae,  aais  ce  qui  est  nouveau,  c'est  la  aanidre  de  la  aettre  eo  oeuvre  gr4ce  4  l'eaploi  de  diodes 
laser. 

Jusqu'A  prdsent,  la  source  luaineuse  utilisde  en  spectroadtrie  d'absorption  dtait  une  source  4 
spectre  large  dont  le  rayonneaent,  aprds  traversde  du  ailieu  absorbent  dtait  analysd  *u  aoyen  d’un 
spectroadtre  avant  d'dtre  requ  sur  un  photoddtecteur  ou  un  enseable  de  photoddtecteurs  juxtaposds. 

Par  contre,  les  diodes  laser  ont  pour  propndtd  d'daettre  un  rayonneaent  spectraleaent  trds  dtroit 
dont  on  peut  changer  la  longueur  d’onde  d'daission  en  faisant  verier  sa  teapdrature.  Un  photoddtecteur 
reqoit  ce  rayonneaent  aprds  qu'il  ait  traversd  le  ailieu  absorbent.  La  prdsence  d’un  aonochroaateur  n'a 
pour  rdle  que  d'dliainer  des  rayonneaents  parasites  et  non  de  ddterainer  la  largeur  de  la  bands  spec- 
trale  analysde. 

Le  balayage  spectral  obtenu  en  faisant  verier  la  teapdrature  de  la  diode  peut  dtre  trds  rapide  ce 
qui  peraet  d* analyser  pdricdiqueaent  un  petit  intervalle  spectral  correspondent  4  l’une  des  bandes 
d'absorption  d'un  coaposant  donnd,  4  une  frdquence  qui  peut  atteindre  le  kilohertz. 

Ainsi,  cette  technique  se  rdvdle  proaetteuse  pour  aesurer  les  concentrations  de  coaposants  donnds 
dans  des  ailieux  en  rdaction,  des  flaaaes  fluctuantes  ou  tout  adlange  gazeux  instable  pour  dtudier  les 
dvolutions  de  ces  concentrations  avec  une  bonne  rdsolution  teaporelle.  II  est  4  noter,  toutefois,  que, 
spatialeaent,  la  aesure  porte  sur  la  totalitd  du  coaposant  rencontrd  sur  le  trajet  du  rayonneaent, 
coaae  pour  toutes  les  adthodes  d'absorption. 

II  est  envisageable  aussi,  dans  certaines  conditions,  de  ddterainer  la  teapdrature  aoyenne  du  con- 
posant  sur  le  trajet  suivi  par  le  rayonneaent  absorbd. 

2  -  DimOPPEHEMT  DIS  METHODS 3  D '  INTERfEIOKETRII  HOLOCRAPSIQUI 

Sur  le  thdae  de  1' interfdroadtrie  holographique.  Monsieur  Bryanston-Cross  de  l'Universitd  de 
Warwick  nous  a  d’abord  rappeld  les  avantages  de  cette  technique  sur  1 ' interf droadtre  classique,  par 
exeaple  du  type  Mach-Zehnder .  Ces  avantages  se  rdsuaent  en  une  plus  grande  facilitd  de  rdalisation  et 
d* exploitation  ainsi  qu'en  la  possibilitd  d'utiliaer  coaae  source  luaineuse  des  lasers  iapulsionnnels  4 
durdes  trds  brdves  peraettant  l'dtude  de  phdnoadnes,  adae  rapideaent  dvolutifs.  Les  travaux  en  cours 
dans  le  doaaine  de  1' interfdroadtrie  holographic  tendent,  d'une  part,  4  exaniner  des  dcouleaents 
tridiaensionnels  pour  y  localiser  les  phdnoadnes  observds  (c'est  le  cas  pour  des  grilles  d'aubes 
annulaires  ou  des  coapresseurs  axiaux)  et,  d'autre  part,  4  quantifier  les  iaages  enregistrdes  pour  les 
coaparer  aux  rdsultats  obtenus  par  calcul  4  l'aide  de  noddies.  Dans  les  deux  cas,  des  difficultds  4  la 
fois  pratiques  et  thdoriques  restent  4  rdsoudre  avant  que  l'eaploi  de  la  adthode  puisse  s'dtendre. 

Un  bel  exeaple  d* application  4  l'dtude  d'une  grille  d'aube  de  turbine  a  ensuite  dtd  prdsentd.  La 
grille  d’aube  est  placde  entre  deux  hublots  perpendiculaires  4  la  direction  du  faisceau  d’dtude  du 
dispositif  holographique  de  aanidre  que  les  phdnoadnes  ad rodyn uniques  entre  les  aubes  puissent  dtre 
considdrds  coaae  bidiaensionnels. 

La  technique  est  utilisde  soit  en  holograaae  absolu,  soit  en  holograaae  dif fdrentiel .  Dans  le 
preaier  cas,  la  pose  de  rdfdrence  est  effectude  avant  la  aise  en  aarche  de  la  soufflerie  et  la  seconde 
pose  pendant  l'essai  de  sorte  que  1’ interf drograaae  aontre  des  f ranges  qui  reprdsentent  les  lignes  de 
densitd  constants  dans  l'dcouleaent. 

In  holograaae  dif fdrentiel,  les  deux  poses  successives  sont  sdpardes  de  100  ^s  pendant  le 
fonctionneaent  de  la  soufflerie  et  les  f ranges  reprdsentent  alors  les  lignes  d’dgal  changeaent  de 
densitd  en  100  i*s. 

Les  rdsultats  des  assures  de  densitd  obtenues  4  partir  des  holograaaes  sont  en  bon  accord  avec 
ceux  fournis  par  des  assures  de  pression  4  la  surface  des  aubes  et  4  ceux  obtenus  4  l'aide  d'un  noddle 
de  calcul. 
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Dans  le  but  d’dtudier  des  dcoulements  fluctuant*  dans  le  temps,  comae  dans  une  grille  d'aube  dont 
les  aubes  sont  agitdes  en  oscillation  pour  simuler  le  flutter,  ainsi  qua  pour  faciliter  la 
quantification  des  donates  contenues  dans  un  holograame,  Arthur  Decker  nous  a  prdsent6  les  travaux 
qu’il  a  entrepris  sur  les  mdthodes  d’ interfdromdtrie  holographique  4  modulation  de  faisceau. 

La  technique  ndcessite  l'emploi  de  deux  sources  de  references  distinctes  lors  de  1 ' enregistrement 
des  deux  holograaaes  superposes.  De  plus,  si,  lors  de  la  restitution,  les  deux  sources  de  reference  ont 
des  longueurs  d'onde  ldgdrement  diffdrentes,  il  devient  possible  d’effectuer  des  mesures  sur 
l'interfdrogramae  par  des  techniques  de  mesures  de  phase  sur  les  signaux  d'un  photoddtecteur  explorant 
1 ' interfdrogramme  point  par  point.  Ceci  donne  seeds,  non  seuleaent  4  une  amelioration  de  la  precision 
de  mesure  des  densitds  gazeuses  lidea  aux  positions  dans  les  f ranges,  mais  encore  4  une  automat isat ion 
du  ddpouillement  des  hologrammes  conduisant  4  leur  quantif icaiton  et  4  leur  comparaison  4  des  rdsultats 
de  calcul  sur  noddles. 

Des  resultats  encourageants  ont  ddj4  ete  obtenus  sur  la  mise  en  oeuvre  de  cette  technique,  mais  il 
reste  encore  des  ameliorations  4  apporter  aux  montages  optiques  et  un  nouveau  laser  4  colorant  ponpe 
par  flash,  mieux  adapte  4  l'emploi  de  la  technique  que  ceux  utilises  jusqu’4  present  est  attendu 
prochainement . 

3  -  NISI  Dl  OIUVU  D'UNX  KKTHODI  DI  VKLOCIKXTRII  USUI 

Le  troisidme  thdme,  ddveloppd  dans  le  dernier  exposd  prdsentd  par  J.  Kompenhaus  de  la  DFVLR  4 
Gdttingen  concerne  la  mesure  simultande  des  vitesses  d'un  dcoulements  dans  tout  un  champ. 

Cette  technique  rdeente  vient  completer  celle  de  la  vdlocimdtie  laser  4  franges  ou  4  deux  points 
qui  ne  fournissent,  4  un  instant  donne,  que  des  mesures  ponctuelles.  Le  champ  d'dcoulement  observe 
simultanement  est  celui  eclaire  par  une  nappe  lumineuse  mince  obtenu  par  eiargissement  d'un  faisceau 
laser  dans  une  direction  au  noyen  de  lentilles  cylindriques. 

Le  laser  fournit  deux  impulsions  lumineuses  breves  4  des  intervalles  de  temps  connus.  Des  parti- 
cules  contenues  dans  l'ecoulement  deviennent  ainsi,  4  la  traversde  de  la  nappe  lumineuse  des  points 
brillants  doubles  dont  les  images  sont  enregistrables  au  moyen  d'un  appareil  photographique. 

Diffdrentes  techniques  sont  etudiees  pour  effectuer,  le  plus  automat iquement  possible,  les  dd- 
pouillements  des  images  enregistrdes.  Elies  conduisent  toutes  4  1 'dtablissement  au  moins  d'une  carte 
des  vitesses  projetdes  dans  le  champ  d’dclairage,  ddterminde  d’aprds  les  dcarts  et  les  directions  des 
couples  de  points  obtenus.  La  limitation  actuelle  pour  des  dcoulements  rapides,  4  fortes  accelerations 
est  due  4  ce  qu'il  o’ est  possible  d'enregistrer  que  des  particules  ayant  quelqu.es  microns  de  diamdtre. 

Les  travaux  actuels  portent  sur  la  mise  en  oeuvre  opdrationnelle  de  cette  technique  sur  des  cas 
ddterminds  (jets  libres  ou  chambre  fermde  par  des  hublots)  et  sur  les  moyens  d'amdliorer  la  sensibilitd 
pour  enregistrer  des  particules  plus  tines,  en  utilisant  des  lasers  plus  puissants,  des  optiques  de 
meilleure  qualitd  et  des  supports  de  plus  grande  sensibilitd. 

CONCLUSION 

Chacun  des  trots  themes  prdsentds  contribue  ainsi  4  apporter  des  informations  quantifies  sur  les 
caractdristiques  des  gat  en  mouvement  4  l'intdrieur  d'un  moteur.  La  poursuite  des  travaux  entrepris  est 
done  vivement  souhaitable  afin  qu'ils  aboutissent  4  des  mdthodes  de  mesure  opdrationnelles  sur  les  com- 
posants  du  moteur,  chambres  de  combustion  et  turbines,  sans  perdre  de  vue  que,  pour  atteindre  ce  stade, 
les  resultats  de  mesure  doivent  dtre  fournis  en  temps  quasi-rdel,  ce  qui  devient  possible  4  l'aide  des 
moyens  informat lques  coder nes. 
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8TUDB  08  LA  COMBUSTION  PAR  SPICTROSCOPI 8  0I0D8  LASBR 

par  B.  Roatar,  p.  Gicqucl  at  0.  Kanry 
Offica  National  d* Btudaa  at  da  Racharchaa  AAroapatialsa 
BP  7  2,  92322  ChAtillon  Cadax,  Franca 

RBSUM8 

Noua  avona  appliquA  la  apact romAt r ia  4'  absorption  inCrarouqa  par 
dioda  laaar  A  1‘ Atuda  daa  gaz  da  combustion. 

Catta  mAthoda  prAaanta  laa  avantagaa  daa  maauraa  in-aitu  non 
intruaivaa.  Ella  parmat  daa  maauraa  da  concantrati on  alliant  prAci- 
aion,  spAcificitA  at  resolution  tamporalla  (1  ma)  . 

Noua  prAaantona  daa  maauraa  da  concantrationa  du  monoxyda  da 
carbona  at  da  la  vapaur  d' aau  dans  un  foyar  mAthana-air  A  praaaion 
atmoaphAriqua. 

Nous  avona  AtudiA  l'Avolution  da  ca a  concantrationa  an  fonction 
da  la  richaaaa  du  mAlanga. 

Can  gaz  ont  Agalamant  AtA  obsarvAa  dans  un  brQlaur  baaaa  praa¬ 
aion  (20-25  Torr) .  Daux  typaa  da  flammaa  ont  AtA  utilisAa  :  CH4-02. 
CH4-NH3-02.  Noua  avona  ralavA  laa  profila  da  concantrat i on  da  CO  at 
H20  la  long  da  1' axa  da  la  flamma.  Cas  rAaultata  aont  compares  avac 
daa  maauraa  publiAaa  ant Ari auramant  at  affactuAaa  A  1' aida  d'  una 
aonda  couplAa  A  un  apactrographa  da  maasa. 


1.  INTRODUCTION 

L'Atuda  daa  phAnomAnaa  da  combustion  nacaaaita  daa  maauraa  da  concantrationa  at  da 
tampAraturaa.  Parmi  laa  nouvallaa  mAthodaa  da  maaura  in-aitu,  la  spec t roacopi a  d'  absorp¬ 
tion,  utiliaant  laa  diodaa  laaar  accordabl as 1 * 2 .  offra  d' i ntarassantas  poaaibilitaa  On 
paut  l'utilisar  pour  maaurar  laa  concantrationa  da  la  plupart  daa  aubatancaa  activaa  an 
infrarougs.  Comma  toutaa  las  mAthodaa  da  maaura  du  coafficisnt  d' absorption,  alia  con¬ 
duit  A  una  maaura  intAgrAa  aur  la  trajat  optiqua.  Catta  tachmqua.  non- 1  nt  r  usi  va  at 
sanaibla,  parmat  una  maaura  trAs  apAcifiqua  da  la  concantrat i on  Da  plus,  aa  bonna  raso- 
lution  tamporalla  (da  1‘  ordra  da  1  ma  A  100  k*s  salon  la  matAnal  amployai  offra  la  pos  - 
aibilltA  d'Atudiar  daa  phAnomAnaa  tranaitoiras  at/ou  daa  Avantuallaa  fluctuations  da 
tampAratura  at  concantrationa  du  miliau  obsarvA 

Dapuis  1903.  noua  avona  smployA  catta  tachmqua  pour  maaurar  laa  absorptions  da  oaz 
•n  cuva  chauffanta  at  dans  divaraaa  riammaa  Noua  avona.  an  pirticuliar  maaura  las  con 
csntrations  da  CO  at  H20  dam  un  foyar  mAthana-air  A  prtision  a t moa pna r i q ua  atnii  qua 
dans  un  brOlaur  aoua  praaaion  rAduita 

2.  MOMTAQB  BT  MOCBDURBS  BXPBRI MBNTALBS 

La  montaga  (fig.  1)  aa  compoit  du  brOlaur  AquipS  das  aaiuras  da  dSbit  du  hAti  d  i  <- 
da  laaar  at  Aa  1‘  Alact rom qua  aaaociAs.  du  aystAm#  optiqua  at  das  apparai la  da  dstaction 
at  da  trsitamant  du  signal  Noua  utiliaona  un  syatAma  dioda  laaar  rnumi  par  listr  in* 
lytica  inc.,  AquipA  dun  syatAma  da  raf  r  oi  d  i  aaamant  an  circuit  farms  i'n  aquipamanr  aa 
•  ociA  parmat  dsjuatar  at  da  atabi  liasr  la  tampAratura  da  f  one  t  i  onnama  nt  da  is  d-, 

Pour  obtanir  un  spsetra  d  absorption.  ia  frlquanra  du  mod#  d  amission  dot  t  naiayar  ur 
patit  intarvalla  apactral  (1  A  1.3  cm  S  Ca  balayags  rAaulta  da  is  moduistion  du  >'U 
rant  travsrsant  la  dioda  Noua  utiliaona  un  courant  an  dant  da  aria  d  ampiitua#  adapt** 
A  1*  intarvalla  apactral  balayA  Noua  pouvona  ijuatsr  aa  fraquanca  a#  3o  Ma  *  h Ms  *ou« 
obtanona  amai.  A  catta  frAquanca.  un  apactra  d  absorption  du  milisu  an  matviiipn  qut 
prAaanta  la  oaraet  Ar  l  at  i  qua  tntAraaamta  da  rsapartsr  la  foraa  das  rim  ssarmina#  par 
phAnomAna  AtudiA  on  affat,  la  argaur  du  mod#  d  amission  da  is  dioda  *  » 

paut  Atra  ndgligAa  davant  la  largaur  Dcpplar  das  raias 


* 
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La  diode,  A  baa«  da  sals  da  plomb,  present#  das  modas  d'  Emission  sutour  da 
1900  cm  l.  Un  system#  da  deux  lantxllas  LtL2  an  fluorine  focslxsa  la  faxscaau,  xssu  da 
la  dioda,  su  centra  du  foyar  Una  lutra  lantxlla  L3  an  forma  1'  image  sur  la  fante 
d'  antria  d'  un  monochromstaur  a  rasaau  C«  monoc hr oma t a ur  fxltra  d'  iventuals  modas 
d‘  Amission  i ndas x rablas .  loriqua  la  f onctx onnamant  da  la  dioda  n'  ast  pas  monomode.  II 
Alimine  aussi  la  rayonnamant  parasite  provanint  das  gas  da  combustion.  A  la  sortie  du 
monochromat eur,  un#  lam#  #n  2nS#  .Apartit  1#  faxscaau  sur  deux  voies.  Sur  1'  une  das 
voxas  a#  trouva  un#  cuva  da  rAfAranc#  contanant  du  monoxyd#  d' azote  NO  sou*  bass# 
praiiion  (0,1  A  i  Torr)  at  A  tampAratura  ambianta.  Sur  l’autra  vox#,  nous  disposons  d‘  un 
Atalon  Pabry-Parot  an  germanium  da  2,54  cm  dapsissaur  (xntarfranga  -  0,0489  cm  1  A 
*  *  5,2  u-m>  La  systdma  da  frangas  sart  A  l'Atalonnaga  spectral  Enfxn,  cheque  faxscaau 
ast  focalxsA  sur  un  dAtactaur  InSb  rafroxdi  A  1‘asota  liquid#  (77  |)  .  Un  oscilloscope 
numAnea  at  visualise  las  signaux  amplxfiAs.  A  la  frAquence  da  balaysga  da  l'intarvalle 
spectral. 

L'  origin#  da  l'Achalle  da  numArnation  das  spectres  correspond  au  niveau  nul 
(absorption  totals)  da  la  transmission  Un  micro-ordi nateur  HP  gAre  1‘ acquisition  at  la 
stocksga  das  signaux  Si  nAcessaire.  nous  pouvons  movenner  juaqu’A  256  spectres. 

Ce  montage  expAnmantal  perm«t  1’  acquisition  d'  un  spectre  an  un  temps  bref  (  30  A 
1  ms)  Lorsqu#  das  flammas  instablas  ( at/ou  trAs  turbulantas)  sont  AtudiAas,  cette 
rAduction  du  tamps  d'  acquisition  diminue  trAs  nattement  las  fluctuations,  da  I'intansitA 
transmisa.  sur  Is  durAa  du  spectra  Da  plus,  il  deviant  possible  d* observer  des 
phenomena*  transitoiras  avac  una  rAsolution  da  1  ms. 


La  trsitament  d*s  spectres  s'affactua  an  tamps  diffAra  sur  un  ordinateur  HP  1000. 

La  cuv#  da  rAfAranc#  <Fiq  1>  contiant  un  qsz  dont  it  spectre  eat  bien  connu  Nous 
avons  utilise  1#  monoxyd#  d'  azote  dont  las  positions  das  raies.  contenues  dans  la  banque 
da  donnaas  spactrslas  AFGL  823-4.  sont  fournias  avac  una  precision  da  5.  10  4  cm  V 
L'intarvalle  spectral  balaye  contiant  toujours  una  at.  si  possible,  plusteurs  raies  da 
NO  Nous  affactuons  ansuita  una  modAlisstion  das  Trangas  da  Fabry-PArot.  par  une  method# 
des  moindres  carrAs  Cheque  fois  qua  possible,  nous  dAtarminons  1'  l nterf range  A  i'aide 
d  une  deuxiAm#  rate  da  NO  da  rAfAranc#.  AloignAa  da  la  pramiAre  Ceci  permet  da 
s  tffrtnchir  das  problAmas  tels  qua  la  variation  da  1 ' l nterf range  avec  la  temperature. 
Per  cette  mAthode.  la  valeur  du  nombre  d'  onde  ast  dAtarminAa.  avac  una  prAcision  absolua 
da  J  10  3  cm  l.  an  tout  point  da  1' intarvalla  spectral 


1  oi 

avac 


Nous  cslculons  ansui 
da  Baer  1  / I °  •  exp 


intansvt#  t 
trajat  dsns 
coefficient 


ta  las  pressions  partielles  das  aspAces  AtudiAas  A  1'  aide  de  la 

( - > 

ransmise  iv«c  at  an  1'  absence  d'  absorption,  au  nombre  d'  onde  c r, 
la  f  1  a  mme  <  e  n  c  m  i  . 
d'  absorption  au  nombre  d'  onde  <7 


Dsns  1#  c  a •  d  un  milieu  homogdne 


B 


V  V 

^  S‘)'T>  f  i  J*  T  Pi€C>  Pi 

« ► ■  ;€• 

•nsamb 1 •  des  gai 

ansambl#  das  raies  du  i'*"#  gas 

fore*  d#  't  r  e  i  a  fnnrt  i.in  d#  Is  temperature  »  c  m  2  Atm  l>. 

profit  de  la  rate  d«pendant  de  la  tempArature  at  das  pressions  partielles 
das  divers  J  •  *  alergiisamant  Lorantz1. 
prMi  i  on  part  :  •  1  i*  Ju  i  '  *  * #  gsa  Atm 


fn  pnt  :  iu»  s  u  f  f  i  t  da  prandre  an  coapti  un  nombre  trAs  limitA  da  raies  pour 

fair  *'uvar  rw*  n  *  ft  1  a  »•  n  *  la  apacira  d  absorption  sur  un  petit  intarvalla  Las  donnAas 
Milieu  su  "ii-ui  5'  T  f  'rra  da  rata  A  una  temperature  de  refArence.  Anergie  du 

r  i  v  a  a  i»  -la  bssa  \  •  a  transition  position  da  Is  r  s  i  a  •  proviannant  da  la  comp  lation  AFGL 
•  ;  an  •  q  ij  i  ■  r>  *  •  n  •  N  •  •  ai  M;"  Four  fn.  nous  avons  utilis#  las  donnAas  da  A 

.  1  *•  *»  r  mm  u  n  •  a  *  •.  p  r  i  v  a  a 
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La 

uti liaA 


tableau 
pour  f 


1  donna  la* 
un  profil 

tempArature  provient  da  maauraa  i  ndApendantea. 
concantrati oni  ont  AtA  dAduitea  du  apactra  AtudiA, 


1  i 


paramAt res  daa  principal#*  raiai  obaervAea.  Moua  avona 
da  Voigt.  calculi  par  1' approximation  da  HustllcakV  La 
A  partir  da  ca  qul  prAcAde,  laa 
n  utiliaant  una  mAthod*  da  meilleur* 


approximation  au  aana  daa  moindraa  carrAa. 


3.  RBSULTATS  EXPERI MBMTAUX 

3.1.  BrQleur  A  prassion  atmoaphAri qua 

Description  -  La  brOlaur  (Tig.  2)  fonctionn#  A  praaaion  atmosphAriqu*.  II  utilxaa 
un  prAmAlang*  mAthana-air  da  richaaaa  <$  ejuatable  antra  0,7  at  1,2.  Una  anvaloppa 
intarna  an  silica  parmat  do  limiter  laa  Achangaa  thermiquee  avac  l'extArieur  afvn  da 
s' approchar  das  conditions  adiabatiquea.  Nous  avona  utilisA  un  t hermocoupl*  (Pt/Pt  - 
10  %  Rh  corrigA  daa  tranafarta  radiatifa  at  convactifa)  pour  aaaurar  la  profil  da 
temperature  la  long  du  trajat  optiqua  dans  la  foyer.  Noua  avona  relevA  1' evolution  da  ca 
profil  an  fonction  da  la  richaaaa.  Caa  valaura  daa  tampiraturaa  11700  A  1900  I) 
concordant  avac  das  masuras  pricAdentes  obtanuaa  par  pyromitne*  at  par  la  mAthode  da 
Diffusion  Raman  Anti  Stokes  CohArente  ( DRASC  >. 

Mesures  par  diode  tas«r  -  Das  hublota  da  mica,  rafroidla  par  un  jet  d'  aaota, 
limitant  las  interactions  antra  las  gaz  da  combustion  at  l’air  ambient.  Ils  dAfinlasent 
un  trajet  optiqua  da  9,5  cm,  dont  5,5  cm  dans  la  flamme.  On  paut  voir,  figure  3,  un 
example  da  spectra  obtanu.  Las  fluctuations  da  1‘intensitA  transmiae  au  travera  das 
flammes  peu  stables  i  ♦  *  0,7  A  0,8)  nous  ont  conduit  A  opArer  sur  daa  moyennes  da  20 
acquisitions  consAcuti vea. 


Nous 
r l chassa. 

( <t>  ^  i,2), 

obser vies 
ut l 1 i sant 


avona  mesurA  l'Avolution  dea  concentrations  da  CO  at  H20  an  fonction  da  la 
Nous  avona,  ausai,  pu  dAtecter  la  prAsance  da  mAthana  dan*  las  flammes  riches 
A  1’  aide  d'  una  diode  centre*  sur  2900  cm  l.  Laa  paramAtras  daa  raiaa 
sont  regroupaa  dans  le  tableau  1.  Las  concentrations  ont  AtA  dAtarmlnAaa  an 
les  masuras  de  tempArature  par  thermocouple. 


La  figure  4  prAsanta  les  concentrations  obtenues  ainai  que  das  rAsultats  da  calcula 
thaonques.  Ui  premier  calcul  correspond  A  una  combustion  sdiabatique.  La  deuxiAme 
Avalua  las  concentrations  K  1*  Aquilibre,  A  la  tempArature  meaurAe  dans  la  flamma. 

Discussion  - 

Pour  1#  mAthane,  la  concentration  masurAa  (an- iron  2  X  an  volume)  dans  una  flamme 
da  richaaaa  ♦  -  1.2,  prAsanta  una  grande  imprAcision.  Noua  astimens  an  affat  la  limite 
d*  detection  da  ca  corps  A  1  X  en  volume  (dans  las  conditions  expAri mentales)  . 

Catta  aanaibilitA  paralt  limitee,  princi palamant,  par  la  prAcision  de  la 
det armi nat l on  du  niveau  zAro  d' absorption  (  envaloppe  du  mode).  Le  mAthana  n' a  psa  AtA 
detect*  dans  les  flammes  do  richesae  infArieure  A  1,1. 


L •  a  meaurea  de  concentration  en  vapour  d’  eau  ont  AtA  corrigAes  <*e  1‘ absorption  par 
*e  ^apeur  d  eau  atmosphAr i qua  le  lr  tg  du  trajet  optique.  Dana  ca  but,  nous  avona 
•*r#?iotre  un  spectre  avant  cheque  allumage  du  foyer.  La  principals  source  d’ i ncerti tude 
u  •  •  meaurea.  provienc  d#  la  prAsanc*  de  couches  "froides"  ( **  1200  R)  antra  la  flamma 
••  i#e  x^bioti  Noua  eatimonr  a  20  X  l’erreur  relative  sur  lea  concant rat i ona. 


.•  it  da  CO,  catta  arraur  ae  limite  A  10  X. 
<•  du  niveau  da  base  daa  transitions  obaarvAas, 

,  •  r  r  oi  dee  ’ 


Bn  a r f a t ,  1' Anergie  AlavAa 

rand  nAgligeabla  1' influence 


■na*a*e  m  accord  eatiafaisant  antra  nos  meaurea  et  la  calcul  A  1' Aquilibre  A 
-r#  ••  •  *  eeaurOe  pou:  lea  ncheasea  aupArieure#  A  1.  L'  excAa  da  CO,  dAtectA  dans 

*  »•  .  •  ee  indiqve  una  douta.  una  condition  da  non  Aquilibre  chimique  (comma 

*  •  «  » •  -m  n  *  Nem  un'i 

*  .  ■*  *  r  •  •  #  a  i  «  -  •  d  u  i  t  • 

*  •  nr  j i0U-  fig  5i  ae  compose  d* un  dieque  poraux  an  bronsa  frittA, 

•  «•■  •*»*  *«.  infer #»A  ism  un*  enceinte  A  vide.  Noua  avona  AtudiA  una 


flasws  6.  5  f  IK,  - J1,  J  t  CN4  -I2  f  Of.  4*  2)  Torr  da  priiiion  Puschbarty*  •  caractPriil 
ca  fojrar  an  taaMratara  at  concantrat  ion.  an  roaetion  4a  la  Kaalaar  4ana  la  flaaaaa 
( 4iataaea  au  plan  4a  aortta  4u  poraui)  Las  t aaip4r a t ur aa  rtaultant  4a  aaaaroa  par 
apact roacopi a  4‘  alaorption  an  ultraviolet  aur  la  radical  0Nt0  Laa  eoncaatrationa 
proviannant  4a  atauraa  affactuPaa  par  prei*ve«ent  4  la>4a  4  ana  aon4a  couplbe  a  an 
apaotroattra  4a  acaaa  Caa  aaaurii  a  atan4ant  4a  0  a  .'O  aa  4u  plan  4a  aortia  4u 
4i  ff  uaavr  par  paa  4a  1  mm  La  prtci  non  4aa  Miurai  varia  4a  <0  I  20  f  auivant  la 
c  oncant ration 

Koua  avona  bgaleieant  4tudi4  una  flaw*  CM#  0f  4a  richaaaa  i  4a  20  Torr  4a 

praaa i on 

********  Pdtr  diode  laser  -  Koua  avona  a4apt4  la  aontaia  opt i qua  4a  racon  a  aitam  r 
aur  tout  la  traiat  4ana  la  flaaaaa  una  liaita  4a  rtaolution  apatiala  aoi  I  lavra  qua 
1.4  mm  Laa  assures  ont  port*  aur  revolution  4aa  conrantrat  tona  4a  Co  at  Nf0  an 

fonction  4a  la  diatsnca  4a  1  aaa  4a  via*a  au  plan  4u  4if Tupaur  noua  avona  fail  variar 

catta  4iatancv  antra  0  at  20  mm  par  paa  4a  i  «• 

La  figure  4  aontra  un  aaaapla  4a  ipactra  oltanu  4ana  caa  con4ihona  La  figure  ' 
paraal  4a  coaporor  noa  rPsultats  aua  valaura  Mivrtaa  par  Puecftberty  loui  aihaoni 

1  arraur  ralativa  aur  laa  concant  rat  i  ona  4  20  l  pour  1  aau  at  <0  1  pour  Co  Dana  la 
4a  r  aau  ainai  aua  pour  CO  4a  1  1  20  aa.  laa  raaultata  abtanua  par  laa  4awa  •athoaaa 
concordant  ‘aua  i ncart i tu4ai  preei  Par  contra.  i 1  aaiata  una  natta  4i varpanra  4aa 
raaultata  antra  0  at  4  aua.  cast  e  4ira  dam  la  rtqton  procha  4u  Tront  4a  f  1  a  aua# 

La  fitura  a  regroup#  laa  raaultata  4aa  aaaurai  par  4io4a  laaar  aur  la  flaai»« 

CH.  0, 

Correct  ion  dm*  imcmrt  if«M<  Catta  aathod*  Ja  anaaur#  paut  •  Ptan4ra  a  1  alula 
d  autraa  aapacaa  jouint  un  rOle  important  4ana  la  eoaluation  CN4  40  HCMO  ate 

Noua  avona  obaerva  laa  raiaa  4a  40  at  CH4  4ana  laa  riaaunaa  prlrllnntaa  aau  ia 
aanaitilttl  4a  notra  aonta«a  4oi t  Itri  aaaiiorla  Dana  la  caa  4aa  aaaurai  arractuaaa  aur 
la  foyer  a  praaaion  ataoaphlnpua.  on  paut  rlpirtornr  quitra  prtnnpalea  aourcai 
4  i ncart 1 1  u4a 

1  Ivaluition  4a  la  taaip*ratura 

-  la  dbterau  nat i on  4a  1  anvalvppi  4u  aoia  <  1  ® )  . 

-  laa  4onn*aa  a pac t roicopi quai. 

-  la  prtaanca  4a  couchaa  froidaa 

•  Neaure  da  la  taapdratura 

La  technique  diode  laaar  paraat  4a  aaaurar  diractaaant  la  taaiparatura  par  la 
*athoda  laa  daui  raiaa  Hanaon11  a  obtanu  una  prlciaion  da  40  I  autour  4a  2100  f.  an 
utiliaant  la  paira  da  raiaa  4a  CO  21 05.  2564  -  21  05.  1  254  cm  1 

•  Knvaloppa  du  aoda 

La  mvaau  a*ro  4‘abaorption  varia  aur  1'  intarvalla  apactral  balayb  Noua  au>4*liaona 
r  anvaloppa  par  una  aipraauon  polynoaiiala  Laa  paraaltraa  4a  catta  aapraaaion  at  laa 
concantrationa  aont  d*ter«in*a  a l »ul tantaant  par  una  a»*thode  laa  aoindraa  carrba  Noua 
poumona.  aana  douta.  aadliorar  la  raatitution  da  1'  anvaloppa  du  aode.  an  utiliaant  un 
aontaga  *  doubla  faiaceaux 

•  Donna a a  apact raiaa 

Laa  donndes  tabuldea  dana  1' APGL  62  aanquant  parfoia  da  prdciaion  4  hauta 
taaptratura.  Ca  problbae  aa  poaa  nettement  dana  la  caa  du  atthana  Noua  avona  dQ  aaiurar 
laa  Torcaa  at  laa  poaitions  ralativaa  da  pluaiaura  raiaa  da  ca  corpa  D* una  fagon 
g*n*rala,  una  incartituda  aur  la  forca  da  r*f*rence  utilisbe  date  rains  una  incartituda 
du  •*»#  ordra  aur  la  concant rat i on. 

•  Couchaa  "froidea" 

La  prdianca  da  caa  couchaa.  aitudai  antra  la  aona  hoeiogtne  da  la  flasuae  at  laa 
hublota,  antralna  una  incartituda  importante  lorsque  laa  raiaa  obiarviai  ont  una  faibla 
inergie  du  mvaau  da  baaa.  Ouand  la  aiiliau  prbsente  una  eymttrie  axiala,  una  invaraion 
d'  Abbal  parmat  da  ratrouvar  laa  profils  das  di  vara  paramdtres.  Haia  dana  la  caa  oil  una 
tails  mdthode  n*  sat  pas  utiliaabla.  on  doit  extraire  la  maxiaium  d*  i  nforaiat  i  on  d’ un 
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•  Mctri  unique  St  l  on  oonttiiri  un  «t  1  t«u  tnhoM«4n«,  il  «it  poiaibli  de  1*  d*coup«r, 
Le  loaf  du  trajtt  oitiaua.  on  couch**  i*nn  blanant  hoaw^naa  on  tanpbratur*  at 


On  aantr*  *lor*  put  enn  par*nttr*«  pauvmt  Atr*  raakttuta  par  inversion  nuntriqu* 
du  apactr*  obaarvt  Lt  ctrtcttr*  uni vopua  ft  Is  prtci non  dt  Is  restitution  dependant  du 
noaSr*  da  ratat  ohaarvt**  da  laura  pariattr**  a  pact roacopt q uaa .  du  nonbra  da  couches 
const ddrdaa  du  rapport  itpnalbruit  II  ast  dvtdaaMsant  ntcaaaaira  da  connsltra  las 
p*r*attra*  daa  rates  utilisdes  <  force.  paraattres  d  tlir«iss«aent.  ddpendenca  da  cas 
paraattrat  an  fonction  da  La  taaptrtt  ura  i  avec  una  trt*  Sonne  precision  Nous  avons 
d«veloip«  un  coda  d  inversion  uti Uaant  una  atthoda  da  typd  Narquerdt  Nous 
I  apphtuon*  actutl  la**nt  a  daa  ipactra*  tynthtt  i  qua*  afin  J  tviluar  1' influence  daa 
di  van  ptriatt  raa  aur  la  raititution  daa  t  aaipdrat  uraa  at  daa  c  oncant  rat  i  ona 


CONCLUSION 

La  • pac t r oacopt a  d  aiaorption  par  dioda  laaar  accordabla  noua  a  parsi t  da  saiurar 
t  aa  '-oncant  rat  i  ona  da  CO  at  Mf0  dene  un*  f  1  dame  i  praaaion  ateoiphtn  qua  Caa  rtaultat* 
concordant  avec  lee  valeure  a  1  tqui  1  i  bre  pour  Lea  nchenei  luptrieure*  A  i 

Dee  eaeure*  net  litre*  aur  une  r  I  *wm  NM,  CH4  Q 2  *oui  Saaae  praaaion  ont  eta 
'-oepartet  *  dee  rdiultete  oStenua  par  prtltvaaunt  qrlc*  a  una  eonde  couplde  d  un 
ip*rtfoettr*  de  M.ee  Las  profile  de  concentration  aont  relevde  le  lonq  d e  1  •■*  de  Id 
rii«w  Lee  valeure  donndee  per  lee  daui  etthode*  concordant  au  ddld  de  La  region  du 
from  de  r 1 amme  Coepir**  *  rette  dernidre  technique  la  *  pa c t r oa c op i «  d  absorption  par 
diode  leeer  prdeente  1  avantege  d  Atre  non  intrun v*  at  pareat  una  bonne  resolution 
t  e«por* 1  1 e 

■  •M PC  I  HUNTS 
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Poai  * '  '  cm' 1 
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Niveau  da  base 

cm*1 

Force*  mol*1  cm 

Transition 

Raies  observtes  dans 

Foyer  basse 
pression 

ch4-o3inh,-ch«-o 

le  foyer 
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atmos 
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,i  ch4o, 

1820.913 
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CO 
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D 

•CO  *  4500  K  ;  HjO  et  CO  *  296  K 


Tableau  1  -  Raies  obaerv4es  dans  la  foyer. 


Alimantation  da 
la  dioda  SOHx-1  KHz 


Dtwctaur 


Cooc#otr#t»on  tf  m/o 
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Mota  % 


Concentration  CO 


Fig  8 


Evolution  das  concent nt i oni  do  H20  at  CO  le  long  da  1'axe  da  la  f  lamina. 
PlanNaa  CH4-02  k  20  Torr 


DISCISSION 


ItB.Prke.  UK 

I>td  you  correct  for  the  effects  of  mixing  at  the  edge  of  the  flame? 

What  arc  the  errors  that  arise  in  the  measurements  from  this  source? 

Author  »  Reply 

We  took  into  account  infrared  absorption  at  the  air-flame  interface,  and  in  the  “cold"  layers  along  the  optical  path 
Nevertheless  important  uncertainties  remain  in  the  modelisation  of  this  interface 

Their  influence  on  concentration  determination  varies  with  the  lower  state  energy  of  the  observed  line.  The  relative 
uncertainty  from  this  source  is  about  1 5%  for  H.O  and  less  than  5%  for  CO. 


DA-Greenhalgh.  UK 

Could  you  comment  on  the  discrepancy  in  your  residuals  for  the  spectral  you  have  fitted?  Perhaps  the  GaJatry  profile, 
such  as  described  by  Varghcse.  would  give  a  better  fit? 

Author’s  Reply 

The  residual  error  of  the  least  squares  best  fit  for  H;0  lines,  indeed  looks  like  the  difference  between  a  Voight  and  a 
GaJatry  function.  The  coJlisional  narrowing  effect  on  Doppler  lincwidth  is  large  for  H:0  molecules.  However,  in  our 
experimental  conditions,  the  discrepancy  between  observed  and  calculated  line  shape  may  come  from  several  other 
error  sources.  Until  we  have  a  better  precision,  the  Voight  profile,  which  *  jvc  computer  time,  seems  a  sufficient  line 
shape  approximation. 
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The  Application  of  Holography _ as.  a _ Transonic  Flow 

Diagnostic  to  Rotating  Components  in  Turbomachinery. 


P  J  Bryanston-Cross 
Department  of  Engineering 
Warwick  University 
Coventry  CV4  7AL,  UK 


Abstract . 


This  paper  presents  a  review  of  the  application  of  holography  as  as  ^  wnole 
field  flow  visualisation  diagnostic  in  turbomachinery .  Starting  with  two 
dimensional  cascade  testing,  which  required  wavelength  toleranced  optical 
tables,  it  has  now  been  found  possible  to  obtain  results  with  bolt-on  optical 
components.  In  order  to  achieve  this,  compromises  have  been  made  in  optical 
quality  and  attention  has  been  given  to  the  nature  of  the  data  required. 
Holographic  systems  are  shown  which  have  been  applied  to  visualise  the  flow 
in  a  linear  cascade,  an  annular  cascade,  a  three  dimensional  compressor  shock 
in  a  rotating  flow  and  a  diffuser  blockage  observed  in  a  rotating 
turbocharger . 

Nomenclature 


C  Dale-Gladstone  constant 
I,  Optical  path-length 
n  Fringe  order 
V  velocity 
W  Angular  velocity 
>  Wavelength  of  light 
v  Speckle  size 


D  Area  of  coherent  illumination 
Ma  Mach  Number 
R  Radius  of  rotation 
t  Time  sec. 

Z  Length 
p  Density  of  air 
p*  Refractive  index  of  air 


Introduct i on 

In  the  design  of  turbomachinery  the  ability  to  make  accurate  measurements 
in  transonic  flows  is  essential  both  as  a  diagnostic  and  as  a  test 
to  numerical  prediction.  With  the  current  progress  of  prediction  methods  and 
the  efficiency  gains  availble  using  advanced  designs,  the  demand  from 
such  measurements  have  increased. 

The  ideal  requirements  now  asked  of  a  flow  visualisation  diagnostic  are:-  A 
non- Jisturbing  real  time  diagnostic  tool  which  can  produce  a  three 
dimensional  qualitative  picture  of  the  flow.  The  diagnostic  tool  should  be 
able,  with  good  resolution,  to  visualise  both  steady  and  unsteady,  rotating 
and  non-rotating  flows  at  transonic  speeds.  It  should  also  have  the  facility 
to  make  direct  comparisons  with  theory.  The  measurement  data  should  further 
be  able  to  give  a  quantitative  description  of  the  density,  velocity  and 
temperature  of  the  fluid  in  three  dimensions. 

These  requirements  cannot  as  yet  be  met  by  any  single  diagnostic.  This  paper 
will  make  a  critical  review  of  what  has  been  achieved  and  possible  with 
nolographic  interferometry. 

Of  the  techniques  available  conventional  pressure  probe  measurements  though 
widely  used,  suffer  from  the  well  known  problems  of  interference  and 
calibration,  as  described  in  (1).  They  also  suffer  from  the  difficulties  of 
discrete  sampling,  ar  discussed  in  detail  in  (2). 

Severa*  optical  methods  are  now  being  used,  the  most  established  methods 
being  those  of  two-spot  (  L2f  )  and  doppler  anemometry  (  LDA  )  (3&4). 
However  unless  fluorescent  seeding  is  used  in  the  flow,  (5),  the  time 
required  to  accumulate  a  quantitative  picture  of  the  flow  can  be  of  the 
order  of  2  minutes  per  point  in  transonic  flows.  Both  methods  are  highly 
dependent  of  the  size  of  the  seeding  particles  used  and  the  position  at  which 
they  are  introduced  into  the  flow  (6).  Point  measurements  also  can  only 
discretely  sample  unsteady  flows,  making  the  interpretation  of  data 
uncertain. 
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More  recent  optical  methods  are  now  capable  of  producing  a  whole  field 
visual isation  of  the  flow-field.  Laser  fluorescence,  as  developed  by  A 
Epstein  at  MIT,  has  within  a  dedicated  environment  produced  results  of 
rotating  transonic  flows.  (7,ti&9).  It  requires  that  a  molecularly  diffusing 
gas  diacetyl,  is  mixed  with  air.  A  plane  of  light  is  then  formed  using  a 
ultraviolet  pulse  laser.  Ultraviolet  liyht  causes  the  diacetyl  to  fluoresce, 
the  density  of  the  gas  being  proportional  to  the  intensity  of  the  light 
emitted  from  the  fluorescent  material.  In  transonic  flows  where  the  density 
of  the  air  is  related  to  Mach  number,  the  intensity  of  the  emitted  liyht  is  a 
measure  of  the  flow  speed.  The  technique  has  the  potential,  with  the 
development  of  fast  data  transmitting,  high  resolution,  photon  counting 
cameras,  to  provide  a  direct  whole  field  high  resolution  visualisation  of  the 
three  dimensional  density  distribution  within  the  fluid. 

Pulse  Laser  Velocimetry  is  also  a  recent  measurement  method,  developed 
at  tne  Von  Karman  Institute  by  R  Meynart  (10).  It  requires  the  creation  of  a 
plane  of  light  by  a  pulse  laser  and  seeding  of  the  air.  The  light  plane  is 
imaged  directly  onto  a  photographic  film  and  two  flashes  of  a  pulse  laser  are 
used  to  form  a  double  image  of  the  seeding  particle  distribution  on  a 
pnotoyraphic  film.  An  unexpanded  laser  beam  is  projected  through  the 
photographic  negative  and  wnen  a  pair  of  particle  images  are  detected  they 
form  Youngs  fringes.  The  interferometric  fringe  spacing  is  directly  related 
to  tne  speed  of  the  flow  and  the  orientation  of  the  fringes  to  the  flow 
direction.  Tne  system  has  been  demonstrated  for  low  speed  flows,  ie  2  to  30 
metres  per  second,  its  application  being  limited  by  the  power  and  quality  of 
the  lasers  used,  and  the  flow  following  ability  of  the  seeding  particles, 
doth  LocKheed -Georgia  ia  the  USA  (11)  and  DFVLR  in  Germany  (12)  are 
evaluating  this  approach.  The  method  ,at  present,  can  be  used  with  flow  in  a 
defined  plane,  tut  of  plane  movement  being  difficult  to  evaluate. 

Holographic  Interferometry 

Holographic  interferometry  is  very  similar  to  its  predecessor  Mach  Zehnder 
interferometry,  but  more  robust,  simpler  to  use  and  can  be  used  to  produce  a 
three  dimensional  representation  of  the  flow  field. 

Interferometric  fringes  are  produced  by  the  phase  change  of  a  ray  passing 
through  a  fluid.  Changes  in  refractive  index  can  be  related  to  density  for 
yases  by  the  Dale  Gladstone  expression. 

(^-.l)/(*  =  Gladston-Da le  constant  C=2.24E-4  m*  /Kq  (for  air) 

where /a  is  the  refractive  index  of  the  gas 
^  is  the  density  of  gas 

In  the  classical  Mach  Zehnder  approach  a  collimated  optical  beam  is  divided 
into  two  parts.  One  beam  travels  through  the  test  section  the  other  through 
an  alternative  path-matched  route.  Fig(l)  A  recent  example  of  this  method  has 
been  completed  at  the  Max-Planck  Institut  Gottingen.  Where  the  interaction 
between  the  vortex  shed  from  a  bluff  body  and  an  aerofoil  at  incidence  is 
being  studied.  Measurements  have  been  made  of  the  dynamic  response  of  tne 
blade  to  a  lOKHz  vortex  passing  event  using  a  flash  light  and  Fastex  camera 
(13). 

Tne  technique  is  limited  in  its  application.  The  polychromatic  light  source 
used  has  a  very  short  coherence  length  makeing  the  optical  system  difficult 
to  set  up.  To  produce  an  interferometric  result  the  route  taken  by  the  two 
light  paths  have  to  be  matched  to  less  than  a  millimetre.  There  is  a  loss 
in  optical  resolution  resulting  from  the  low  light  levels  and  high 
speed  films  needed  to  record  the  interferometric  data.  It  is  also  not 
possible  to  locate  the  flow  disturbance  spatially. 

In  most  situations  replacing  the  noncoherent  light  source  with  a  reliable 
coherent  pulse  laser  has  several  advantages:- 

The  long  optical  coherence  length  of  the  laser  allows  the  two  optical  paths 
up  to  1  metre  miss-match  between  them.  They  beams  can  if  required  be 
carried  within  a  fibre  optic  (14),  it  is  also  possible  to  use  the  Smartt 
interferometric  approach  (15),  which  requires  that  only  one  beam  need  pass 
through  the  flow  .  When  a  high  power  pulse  laser  is  used,  because  of  its 
light  intensity  (MW)  and  short  flash  duration  (30  nsec.)  high  speed  flow 
occurrences  can  be  visualised  with  good  resolution  in  three  dimensions. 
This  has  lead  to  greater  understanding  of  the  flow,  in  particular,  in  the 
visualistion  of  turbulent  structures  within  shear  and  boundary  layers  and 
in  the  shed  vortex  interaction  behind  a  turbine  rotor  (16). 
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Holographic  data  has  been  extracted  in  environments  unsuitable  tor  classical 
interferometry  and  in  some  cases  anemometry.  For  example  in  the  very  large  4 
m  wind  tunnels  at  NASA  Ames  (17),  in  annular  rotating  and  non-rotatinq 
cascades  (18*19)  and  within  the  gas  turbine  engine  itself  (20).  This  has  been 
posssible  for  two  reasons,  firstly  the  speed  at  which  data  can  be  captured. 
Secondly  many  of  the  surface  and  internal  imperfections  of  the  optical 
components  used,  such  as  found  for  example  in  perspex,  which  would 
randomise  the  pictures  obtained  by  a  classical  interferometer,  are  encoded 
into  the  hologram  and  do  not  distort  the  flow  field  data. 


Three  dimensional  data  using  holographic  interferometry  has  oeen  extracted  by 
two  approaches.  When  a  collimated  beam  is  passed  perpendicular  to  the  flow 
direction  of  interest,  the  density  change  within  the  fluid  is  observed 
as  an  integrated  line  of  sight  across  the  test  section.  Three  dimensional 
data  has  been  extracted  from  flow  fields  by  taking  many  different  collimated 
ray  paths  through  the  flow  and  then  using  an  inverse  solution  to  extract 
localised  flow  features.  Tne  early  work  using  this  method  (21*22)  was 
limited  by  the  then  available  computer  storage.  Recently  NASA  has  yielded 
several  successful  solutions  using  this  technique  to  solve  the  absolute 
density  field  around  a  helicopter  rotor  blade  (21). 

An  alternative  hoLographic  approach,  was  to  illuminate  a  diffuse  baotgroud 
to  form  a  scattering  surface.  The  human  eye,  and  the  camera  lens  both  use 
scattered  light  to  localise  objects  in  three  dimensions.  In  this  manner 
sharp  discontinuities  in  the  fluid  such  as  shock  waves  or  periodic  events,  as 
found  with  shed  vorticity  and  flow  separation,  can  be  localised.  The  sharper 
or  more  discontinuous  the  flow  the  more  accurately  it  can  be  localised.  A 
resolution  of  10  microns  is  possible  in  the  case  of  a  solid  surface,  such  as 
a  nuclear  fuel  rod  (24).  A  millimetre  in  the  case  of  a  shoex  wave,  and  a  few 
millimetres  for  a  shed  vortex  structure  in  the  wake  of  a  turbine  blade.  The 
spatial  definition  possible  with  a  smoothly  changing  absolute  density  field 
is  much  lower  and  better  approached  by  the  previously  described  multi-view 
technique.  The  application  of  the  scatter  plate  method  is  also  dependent  on 
tne  quality  of  the  optical  processing  applied  le  a  high  diffraction 
efficiency  holographic  image  is  essential  to  the  extraction  of  the  three 
dimensional  flow  field  data. 

Applications  of  Hoi ograph i_c_l  n  t  er f erometry . 

Two  Dimensional  Holographic  Visual is at ion  of  Transonic  Flows. 

A  situation  has  arisen  in  the  development  of  complicated  numerical  prediction 
codes  where  there  are  few  well  documented  test  cases  against  which  they  can 
be  critically  tested.  Interferometric  data  has  sufficient  resolution  to 
test  these  codes  at  the  points  where  they  are  most  sensitive. 

This  is  illustrated  in  the  two  dimensional  approach  developed  at  EPKL  (Ecole 
Polytecnique  Federale  de  Lausanne),  for  visualising  the  trailing  edge  shock 
structure  around  the  trailing  edge  of  a  30  times  scaled  model  of  a  steam 
turbine,  figure  3,  (18).  The  boundary  layers  on  the  object  can  clearly  be 
seen  followed  by  an  lsentropic  Prandt 1 -Meyer  expansion  where  the  flow 
accelerates  from  M*1 . 3  upto  M=1.9  figure  4.  The  shear  flow  converging  to  form 
the  confluence  region  and  boundary  layer  seperation  at  the  end  of  the 
trailing  edge  can  also  be  seen  in  detail  .  Figure  5,  made  using  two 
holographic  pulses  3  microseconds  apart,  shows  the  unsteady  component  of  the 
fully  developed  flow  of  figure  4.  For  the  first  time  and  as  a  consequence  of 
the  scale  of  this  trailing  edge  it  is  possible  to  observe  the  vortex 
structure  present  in  the  shear  layer  directly  after  the  separation  point.  The 
size  and  strength  of  this  vortex  structure  can  be  seen  to  increase  at  the  end 
of  the  confluence  region  with  the  influence  of  the  downstream  compression 
shock.  The  Lavel  nozzle  can  also  be  configured  operate  as  a  with  subsonic 
exit  conditions  as  shown  in  figure  6. 

ePFL  are  now  in  the  process  of  evaluating  this  interferometric  data  against 
their  numerical  prediction  methods  (25). 

Two  dimensional  high  resolution  intef erometry  has  also  been  used  to  visualise 
the  blade  leading  edge,  where  a  comparison  with  an  inviscid  code  has  been 
made,  figure  7  (26).  In  the  trailing  edge  of  the  blade,  figure  8  (27), 
it  led  to  improvements  in  the  Navier  Stokes  numerical  solver  applied  and 
contributed  to  the  understanding  of  the  turbulence  modelling  (28).  The 
simplest  method  of  evaluating  and  interpreting  data  in  these  cases  has  been 
to  scale  the  output  contour  plots  of  the  numerically  generated  data  to  match 
in  size  the  photographic  reconstructions  made  from  two  dimensional 
interferograms  (29).  The  contour's  heights,  which  then  match  the  optically 
generated  isodensity  fringe  spacings,  give  a  sharp  test  of  the  ability  of  the 
code  to  model  the  flow,  as  illustrated  in  figure  9. 
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Th  r  ee  d^imensuind!  flow  visuaiisat  .*£•£.  i**d  r  ax  »nx:.;I  -w  *  - 1  :  t  n*  a*.  *  i* 
EPFlT. 

Holography  has  been  uae-i  *•  visual  is*’  t  r.<  •  »;?  *  .  j  .  .  «■  i  • 

annular  turbine  cascad*  ■  4  .  I r  this  as*  a  w*  ,r;>  .As.  *•  jtti  .  •  •  •  •  •  *  i* 

tut  bine  intra-,'dssaqe  t.  w  has  L*t»t-r  visualised.  Th*  ;  »  :  -  ->f  * 

2  v ‘ < i mrr  mak  i  ng  t  he  shock  ;  iswa'isari  or  im  >i  *  c  i  t  J  j  »•  : 2  •  .  ►  r  •  >v  *  •  •  *  ;  ■  •  • 

carried  out  the  following  ubsevat  ions  a:  b»  made  .  i*  •  ■•• :  *  ’  •  ’ 

.iri  less  del  i  her  at  1  )  vibi  a  ted  has  i  rat  jx  a  2  s.i  .  ,»*  i  •  ■ 

V\\j  region  and  requires  a  laser  pulse  •■•■;  ,m  i*  »  '  «;  :  r  *  .  •  .<  •  , 

i  00m  1  1  i  sees  to  visualise  it.  Th*-  i  r:  •.r  j  :  ;  sa:«  ■,  .  •  .  •<  i  ’  .  *•■  *: 

i  t*f  Uvted  off  the  inm*rwal  1  uf  the  cascade,  ti:  ..  ,  •  '  •  *  a-  •*  • 

ahead  of  the  blade*  row.  It  was  found  ?  hat  wnej  ♦  h.  r  •  *.-»:»  •*  r  * 

downstream  i  (  the  of  the  e-lade  t  r.e  ’tailing  ♦•.!•}•  *  ..i  •  .»•*•■■*  .  •  •  •  »  • 

tfe  phase  < ' f  the  ina.»i»inq  light  beam.  Jr  ha*-.  -.ow  :>*>♦■■•  w- 

stru-'tuie  can  be  visualised  in  three  dimers  i«*»  :  »  t  *. .  •  •  o  ;• 

•ascade,  shown  in  figure  j  *. 


following  t  lie  tests  on  *  he  annular  cascad*-  a  r 

7-ad»  ,*io  2  -eg  rams  which  j.i  be  •••  i  ewest  w  i  ’  h  a  wr-i  •  ••  .  .  •  s 

i  1  l  up  mat  li  n  .  duiio-u  the  c.*p,i:;g  .  *  became 
position  of  t  he  holograms  to  a  point  rrur!.  loser  •  *  ••• 

several  features  became  apparent  .  Tti*.  view  l  *•»  -.h-  *  *  r 
exhibited  a  greater  par  a  i  ax  ti  the  **>••  making  ;•  --a*;.*  r  • 
position,  secondly,  i  r ,  making  the  hoi  ■•Hirars  **■;*•■  .  .  r  • 
brighter  to  sot',  with  re  risk  to  tne  =»  s  w,-’ 

Finally  it  is  possible  to  chocs**  whet*’  i  r  •  •>»■  c*-  *  *  *■ 

hologram  is  to  be  f  termed.  It  ha:-  beer  *•  ..nd  •-  • 

of  the  hologram  is  det**c.;sed,  making  i*  ;■  s^-i;  .  * 

within  the  flow  and  Mini  out  inwant.-i  t-.  ,  •• 

t  irluilenr  tunn**i  sidewall  flow  *-{t 


Thr  e<»  J  i  ,7>en.s  i  pna  J  rot  a  1 1  nj  f  po  ws  . 

La r  ge  axi  a  l  hot  at  i  ng_  d. •fid  V-.’j’i'.1  * 

Laser  holograph)  is  .iso.l  -an  a  r**iulai  basis  t  -r  •  h*  ♦  :m  :  i  i  . 

visualisation  of  t  tie  leading  »-d  ie  sho-  s  -r  .»  ♦  f  .  r  -•*  •  *  :•  ' 

holographic  system  for  this  apt  iicaton  is  cons;  1*-t*-d  •»  :••-.»  • ;  a  c 

1  or  engine  testing,  1 1>  )  .  The  t  ect;  tuque  »s**s  »  w-  .  .  ..gu  »*.-•• 

holographic  exposures  reflected  of  a  diffusely  paint*-i  ba,-k-.;t  <  .  r .  •  • 
localise  spatial  y  the  three  dimensional  shock  str  .c»ur*  .  This  ;  ?■  \r 

approach  also  well  matched  to  t  tie  v  j  sua  i  sa  t  i  r.  <>!  the  *i; 
structure  of  interest  in  the  devel opm**nnt  <-t  ur.du*t*-d  tars. 

The  first  stage  transonic  compressor  fan  is  tyj  l  ca  1  1  y  -ij  to  yr  in 
diameter,  figure  14,  with  the  shock  structure  existing  over  tw>  thirds  >•:  *  h* 
blade  height.  The  virtue  of  this  method  over  tne  alternative  approach*-*  i< 
speed.  The  holographic  system  uses  a  high  power  rub>  puls**  laser  to  giv*  a: 
intantaneous  whole  field  viualisation  of  the  flow.  In  nr-  mot  ♦*  that  4hi  w  d 
rig  running  for  4  characteristic  points  on  a  performance  curve  ever)  Made 
can  be  mapped.  Approximately  200  holograms  are  made  for  each  test.  The)  art- 
examined  and  used  to  select  particular  blade  passages  f or  more  detailed 
quantitative  study  with  1,2 F.  Normally,  the  detailed  L.2F  measurements  t.ikr 
a  further  10  to  40hrs  of  engine  running. 

The  output  beam  from  a  pulse  laser  is  divided  into  two  parts.  One  forms  the 
reference  beam  the  other  the  object  beam,  figure  (15).  The  coherence  length 
of  the  ruby  pulse  laser  is  of  the  order  of  1  metre,  making  it  possible 
to  form  holograms  without  contour  fringes  of  objects  up  to  3  metres  across. 

As  a  result  it  is  possible  to  expand  a  laser  beam  to  reflect  from  the  inside 
surface  of  a  gas  turbine  of  4  square  metres.  This  illuminated  area  forms 
the  background  against  which  the  shock  structure  can  then  be  viewed.  The 
sample  beam  illuminates  the  inside  of  the  casing  of  the  engine  directly  ahead 
of  the  rotor.  From  a  view  point  just  over  the  rotor  it  is  possible  to  see 
between  the  passing  blades  the  upstream  illuminated  area. 

The  air  just  ahead  of  the  shock  has  a  density  lower  than  that  just  after  the 
shock.  If  two  holographic  exposures  are  made  (approximately  2  microseconds 
apart)  then  two  holograms  are  made  on  the  same  piece  of  film.  The  only 
difference  between  the  holograms  being  the  movement  of  the  shock  as  it  passes 
the  viewing  window,  figure  16.  It  is  this  difference  in  shock  position  and 
its  overlap  between  the  t**o  exposures  in  the  hologram,  which  is  visualised  as 
an  optical  phase  shift.  Such  a  shift  makes  the  position  of  the  shock 
apparent  as  a  dark  or  bright  area  in  the  reconstructed  hologram  as  shown  in 
figure  17. 
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•*.  ..»».*  ,  v.t!  :  •  . .  =tir  *’t  >•.  i c  xperiments  had  been  pe  formed  on  small  (100mm 

i  m  :  i  .  t  .r  t-v  •  v  ai  q»-r  a  .  These  machines,  which  are  used  to  boost  the 
•  tv  I-  cow-t  i  Idrjo  truck  engines  rotate  at  upto  80,000  revs.  They  can 

? r  ;  -  is  t  the  r  lade  ti;  ,  and  generate  loss  through  shock 

•  -iv.:  »  r  a  j  i  ‘■••.stem,  developed  from  that  used  previously  on 

.  ..  r  ix :  it  r.js  :  irn  possible  to  produce  visual  evidence  of  this 

—  *  c  . .  •:  trailing  edge  *ak^  structure  from  the  turbine  exit  of  the 

•■vet  i  t  u  :h>  Ip  ,  reference  <  1  i .)  .  As  witn  the  data  from  EPFL,  the  pulse 
.  .  •  r  v,*  1  •!■•;  ..jr  in-.*-.  wore  copied,  f  irstly  to  make  them  white  viewable  for 
ii-i;  la.  cut  .md  •.»  1  s- •  to  move  the  onsever  closer  to  the  plane  of  interest. 


:  •;*  i*  .  r- -  :  :.t.  1 .  j  r  aph,i  c  interferometry. 

•  1  cgrai-r.  i  c  interferometry  has  been  used  regularly  to  produce 

:  *  1  ;  •  i*  .v*  flow  information,  two  dimensional  and  particularly  three 
:  ;  ■  •  ■  ;• ;  lifi.i  1  quantitative  data  has  been  harder  to  achieve.  The  amount  of  data 
•  t  •  \  -no  my  v:-,c  hologram  is  very  large  and  complicated.  It  is  not  until 

t  1  ,  ?:.at  the  numerical  computing  power  and  control  over  scanning  systems 
'.i  ro.-r,  avai'.ar  i**  to  reduce  it  to  manageable  levels. 

•\  i  r  example ,  consider  the  unsteady  flow  conditions  when  a  transonic  stator 
o.  i  :  >t  t  pas.  each  other.  It  is  possible,  using  a  pulse  laser,  to  form 
*  .  fi'ib-ur.ims  of  this  event  (34),  with  a  time  duration  of  5  microsec 
►  •  *  w * •  e v  <  a  •?,  [ulses.  This  would  be  a  hologram  for  every  0.2mm  movement  of  the 
r  ?  i.  The  pr-nlcm  is  how  can  each  hologram  being  interpreted  automatically 
» i  •  h-.  error  » o  an  optical  resolution  of  lOO  microns  and  also  give  some 
i:..ii  :»*.  ;•  n  •  • !  ?h*>  three  dimensional  flow  field. 


!  p-vivas  approaches  to  holographic  flow  visualisation,  two  separate 
*  xp<  sures  of  a  holographic  plate  were  made  using  the  beam  from  a 
t  ;ulso  laser.  The  time  between  these  exposures  has  been  varied  from 

Ir'icresoe  tc  snconHs  in  order  to  visualise,  as  interferometric  fringes,  a 
■•twinge  i*..  t  no  flow  field  density.  Examples  are  given  where  the  flow-off 
v'hbition  is  compared  to  the  flow-on  and  of  how  flow  unsteadiness  can  be 
\  l  sua  1 1  s*.-d ,  also  where  the  density  change  due  to  rotation  of  the  flow  is 
visualised.  The  technique  is  sensitive  to  movement  between  the  two 
exposures,  a  physical  vibration  or  rotation  can  either  create  spurious 
fringe  data  or  at  worst  prevent  the  formation  of  the  hologram.  Although  this 
sensitivity  can  do  optically  minimised  it  can  leave  uncertainty  in  the 
analysis  m  the  flow  field. 

It  has  been  shown  by  Bachelo  (IS),  working  at  NASA  Ames  in  California, 
that  two  dimensional  data  can  bo  extracted  from  a  hologram  in  one  single 
exposure.  In  Bachelo  s  case  a  collimated  optical  beam  was  passed  through  the 
NASA  4ft  span  wind  tunnel.  Then  using  a  beamsplitter  divided  into  two,  one 
beam  was  spatially  filtered.  By  spatially  filtering  tne  optical  phase 
component  of  the  1 ignt  which  carries  the  information  of  the  flow  is  filtered 
out.  The  two  beams  were  then  recombined  to  produce  isodensity  interferometric 
data.  It  has  thus  been  shown  possible  to  strip  the  phase  or  flow  data  i i or 
one  ha  1  f  of  the  b.'am  and  compare  it  directly  with  the  other. 

Bachelo  s  flow  was  two  dimensional,  however  it  is  possirlo  t  c  >  ..  >  •  :.b  *•  • 

approach  to  a  three  dimensional  flow  by  processing  the  no  l  og  r  ar’- 
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A  futher  difficulty  which  has  limited  the  application  of  holography  to 
rotating  turbomachinery  is  that  of  decorrelation  of  phase  information.  To 
form  a  conventional  hologram  of  a  flow  field  the  illumination  of  the 
background  required  to  have  a  stable  specular  nature.  Speckle  size  is 
defined  in  two  ways:-  Objective  speckle,  which  defines  the  limit  of 
resolution  through  a  lens  system  (36),  and  is  expressed  as 

<r  =  1.21  *  F  *  X 

where  is  the  wavelength  of  light  and  F=the  F  number  of  the  imaging 
lens,  F  =  (focal  length  of  lens/diameter  of  lens). 

Subjective  speckle,  which  is  the  speckle  size  recorded  on  a  photographic 
plate  by  an  unfocused  beam  which  has  been  scattered  by  a  lambertian  surface. 

a  =  1.21  *x  *  ( 2/D ) 

where  D  is  the  diameter  of  the  object  illumination  on  the  scatter  surface 
and  Z  is  the  distance  from  the  suface  to  the  holographic  plate. 

In  the  case  of  a  rotating  surface,  the  specular  pattern  may  also  be 
rotating.  If  the  rotation  of  the  specular  pattern  is  grater  than  /10 
during  the  holographic  exposure,  then  decorrelation  will  occur.  Even  with 
short  duration  (30  nsecs )  high  intensity  pulse  lasers  if  the  surfase  moves 
buy  more  than  1/10  it  is  not  possible  to  form  holographic  information.  For 
the  example  of  a  turbine  rotor,  the  speed  of  the  speckle  on  the  surface  would 
be  of  the  order  of, 

v  =  2*pi*r*w 

where  v  is  the  velocity  of  the  surface,  r  is  the  radius  of  the  cascade  and  w 
is  the  angular  velocity  of  the  cascade. 

v  =  120m/sec 

The  speed  of  the  speckle  patten  at  a  distance  0.4m  from  the  axis  of  rotation 
of  the  cascade 

v(s)  =  400m/sec. 

and  the  size  of  the  speckle  pattern  would  be, 

O'  =  1.21  Z/D 

=  4  microns. 

For  the  data  to  avoid  decorrelation  then  the  holographic  exposure  should 
occur  with  a  duration. 

t  =  4*E-6/400  secs 

-  10  nsecs. 

Thus  in  order  to  form  holographic  data  from  a  single  laser  pulse  there  are 
two  possible  solutions.  To  reduce  the  pulse  duration  of  the  laser  or  to  make 
the  inner  hub  of  the  rotating  cascade  with  a  mirror  finish  and  refect  a 
static  specular  pattern  form  outside  the  cascade  onto  it. 

The  last  part  of  the  approach  describes  how  three  dimensional  data  can  be 
extracted  from  hologram  and  the  accuracy  and  resolution  likely  to  be 
obtained.  This  can  be  achieved  by  discretly  sample  the  hologram  and  which 
reduces  the  data  field  at  a  pre-digitisation  stage  of  the  problem.  The 
alternative  approach  would  be  to  digitise  each  separate  view  and  recombine 
them  numerically  using  a  tomographic  solution,  examples  of  which  can  be  found 
in  references  (21)4(32). 

A  selective  scanning  process  would  reduce  the  time  and  complexity  of  the 
numerical  problem.  By  using  a  scanning  beam  of  2  to  5mm  in  diameter  a  small 
part  of  the  hologram  is  illuminated.  The  image  which  this  scanned  area  of 
the  hologram  projects  is  equivalent  to  viewing  the  original  flow  through  a 
small  aperture.  Previously  such  projected  images  have  suffered  from  high 
noise  levels  generated  in  part  by  the  high  monochromaticity  of  the  laser 
source.  By  averaging  several  areas  of  the  plate  the  sharpness  of  the 
interferometric  fringes  can  be  retained  and  the  speckle  noise  recursively 
averaged  out.  In  using  this  approach  it  will  also  be  possible  to  make  only 
small  changes  from  one  view  to  the  next,  which  is  preferential  to  solving 
large  numbers  of  linear  equations,  both  in  terms  of  data  storage  and  speed. 
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Finally  the  data  at  each  point  can  be  found  by  weighting  a  large  number  of 
ray  paths  through  co-incident  points  in  the  fluid.  This  is  a  technique  which 
has  be  used  successfully  in  X-ray  analysis  for  producing  'cat-scans'  of  the 
brain  and  other  organs(22).  It  will  also  be  possible  to  produce  in 
specified  areas  of  sudden  flow  acceleration#  ie  at  the  leading  and 
trailing  edges,  the  equivalent  high  resolution  isodensity  mach  lines 
possible  with  the  previously  used  two  dimensional  systems. 


Conclusions 

There  is  now  a  strong  drive  to  produce  quantitative  instantaneous  three 
dimensional  data  of  transonic  flows.  Methods  which  employ  discrete  sampling 
techniques  such  as  laser  anemometry  are  limited  to  the  assumption  that  the 
flow  field  is  steady  or  periodic  over  relatively  long  sampling  periods. 

Alternative  optical  whole  field  flow  three  dimensional  diagnostics  are  now 
being  developed,  one  of  which,  holographic  interferometry  has  been  discussed 
in  depth  in  this  paper. 

Several  applications  of  holographic  interferometry  to  two  and  three 
dimensional  transonic  flows  have  been  presented.  It  has  beeen  shown  that  for 
two  dimensional  flow  fields  the  method  for  extracting  quantitative  data 
is  well  established.  Whereas,  with  limited  exception,  the  results  obtained 
from  three  dimensional  flows  have  been  qualitative. 

The  limitations  of  holographic  interferometry  to  three  dimensional  flow 
visualisation  have  been  described  and  solutions  by  which  quantitative  data 
can  be  obtained,  presented. 
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Figures 

1.  Mach-Zehnder  Interferometer. 

2.  Bachelo 's  Smartt  approach. 

3.  Diagramatic  layout  of  the  EPFL  image  plane  rugby  pulse  interferometric 
system  as  applied  to  a  two  dimensional  Laval  Nozzle. 

4.  Supersonic  trailing  edge  flow  showing  the  Prandtl-Mayer  expansion  of  the 
flow  from  a  Mach  number  of  Ma=  1.3  to  Ma=  1.9 

5.  Unsteady  components  of  the  stable  exit  flow  shown  in  figure  (4). 

6.  Laval  nozzle  now  adjusted  to  operate  in  the  subsonic  region.  Ma*=  0.6 

7.  Comparison  between  an  interferometric  measurement  made  of  the  transonic 
flow  around  an  isolated  aerofoil  and  its  numerical  prediction  using  a  time 
marching  solution. 

8.  Comparison  between  the  trailing  edge  flow  in  a  linear  cascade  measured 
interferometrically  and  a  loss  predicting  Navier-Stokes  solver  computed 
solution. 

9.  Comparison  of  a  transonic  wedge  profile  with  side  wall  boundary  layer 
separation  and  a  viscous  numerical  solution. 

10.  Optical  approach  applied  at  the  Whittle  Laboratory. 

11.  Interferometric  reconstructions  made  from  the  Whittle  Lab  experiment. 
Both  the  leading  edge  and  trailing  edge  flows  can  clearly  be  seen,  with  the 
confluence  region  to  show  the  formation  of  the  trailing  edge  vortex 
structure . 

12.  Diagram  of  the  EPFL  three  dimensional  hoographic  system. 

13.  A  photographic  reconstruction  made  from  a  hologram  of  the  shock 
structure  within  the  EPFL  Reynolds  number  scaled  annular  steam  turbine 
cascade. 

14.  Axial  gas  turbine  first  stage  compressor  fan  as  used  in  a  holography 
test.  The  arrow  points  to  the  19mm  diameter  negative  lens  through  which  the 
sample  beam  of  the  ruby  pulse  laser  was  expanded.  The  opposite  side  of  the 
casing  has  been  painted  white  to  diffuse  and  reflect  the  laser  light. 

15.  Diagram  showing  the  method  by  which  the  holographic  system  was  applied 
to  the  first  stage  compressor  fan. 

16.  Diagram  showing  the  movement  of  the  compressor  blade  fan  assembly 
between  two  holographic  exposures. 

17.  Photographic  reconstruction  showing  the  shock  structure  at  the  tip  of 
the  compressor  fan  as  visualised  using  holography. 

18.  Vortex  structure  as  visualised  holographically  in  the  diffuser  section 
of  a  turbocharger  rotating  at  80,000  revs. 
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3.  Diagramatic  layout  of  the  EPFL  image  plane  rugby  pulse  Interferometric 
system  as  applied  to  a  two  dimensional  Laval  Nozxle. 
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4.  Supersonic  trailing  edge  flow  showing  the  Prandtl-Mayer  expansion  of  the 
flow  from  a  Mach  number  of  Ma=  1.3  to  Ma>=  1.9 


5.  Unsteady  components  of  the  stable  exit  flow  shown  in  figure  (4). 


6.  Laval  nozzle  now  adjusted  to  operate  in  the  subsonic  region.  Ma=  0.6 


7.  Comparison  between  an  interferometric  measurement  made  of  the  transonic 
flow  around  an  isolated  aerofoil  and  its  numerical  prediction  using  a  time 
marching  solution. 


Comparison  of  a  transonic  wedge  profile  with  side 
wall  boundary  layer  separation  and  a  viscous  numerical 
solution . 


approach  applied  at  the  Whittle  Laboratory. 


11.  Interferometric  reconstructions  made  from  the  Whittle  Lab 
experiment.  Both  the  leading  edge  and  trailing  edge  flows  can  clearly  be 
seen,  the  confluence  region  has  been  enlarged  to  show  the  formation  of 
the  trailing  edge  vortex  structure. 
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13.  A  photographic  reconstruction 
made  from  a  hologram  of  the  shock 
structure  within  the  EPFL  Reynolds 
number  scaled  annular  steam  turbine 
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14.  Axial  gas  turbine  first 
test.  The  arrow  points  to  the 
sample  beam  of  the  ruby  pulse 
casing  has  been  painted  white 


stage  compressor  fan  as  used  in  a  holography 
19mm  diameter  negative  lens  through  which  the 
laser  was  expanded.  The  opposite  side  of  the 
to  diffuse  and  reflect  the  laser  light. 


IS.  Diagram  showing  the  method  by  which  tha  holographic  system  was  applied 
to  the  first  stage  compressor  fan. 
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Movement  of  a  normal  shock  between  two  pulses  with  a  2 msecs 
separation . 


16.  Diagram  showing  the  movement  of  the  compressor  blade  fan  assembly 
between  two  holographic  exposures. 


17.  Photographic  reconstruction  showing  the  shock  structure  at  the  tip  of 
the  compressor  fan  as  visualised  using  holography. 


Direction 


AD-P005  55,1 


M.L.O.  OLDFIELD 

Dept.  of  Engineering  Science,  University  of  Oxford,  Parka  Road,  Oxford  0X1  3PJ.  UK 

P.J.  BRTKRSTOM-CROSS1  J.H.  NICHOLSON*  C.T.J.  SCRIVENER 

Rolls  Royce  pic.  PO  Box  31,  Derby  DE2  8BJ ,  UK 


t 

Now  at:  Department  of  Engineering,  Warwiok  University,  Coventry  CV4  7AL,  UK 

» 

Now  at:  Caledonian  Air  Motive,  Prestwick  International  Airport,  Prestwick,  Scotland,  UK 


ABSTRACT 

'tsT 

A  series  of  holographic  interferograms  is  presented,  showing  the  flow  through  two  passages  of  a 
cascade  of  turbine  rotor  blades  in  the  Oxford  Isentropio  Light  Piston  Tunnel  with  full-soale  Reynolds 
numbers,  Mach  numbers  and  gas-to-wall  temperature  ratios.  Using  a  previously  described  technique,  double 
exposure  absolute  and  differential  image  plane  holograms  were  obtained  of  the  complete  flowfleld  under  a 
range  of  conditions.  The  isodenslty  contours  predicted  by  a  tlmeaarchlng  throughflow  calculation  compare 
well  with  the  positions  of  the  Interference  fringe  on  the  holograms.  The  intersections  of  these  fringes 
with  the  blade  surfaces  give  blade  surfaoe  Mach  numbers  which  agree  well  with  those  from  surface  pressure 
measurements.  Wakes,  shock  waves,  and  the  presence  of  upstream  and  side  wall  turbulence  are  all  evident 
in  the  holograms. 

NOMENCLATURE 


c 

Dal e-Olad stone  coefficient 

T 

Temperature 

Cax 

Blade  axial  chord 

Tg 

Qas  total  temperature 

L 

Optical  path  length  (blade  span) 

Tw 

Wall  temperature  on  blade 

M 

Number 

Tu 

Turbulence  level  u/U 

Me 

Isentropio  exit  Mach  number 

X/Cax  Proportion  of  axial  chord 

N 

Prlnge  number  from  stagnation  point 

T 

Ratio  of  speoiflo  heats 

Re 

Reynold's  number  based  on  exit 
isentropio  conditions  and  blade 

X 

Wavelength  of  illuminating  laser 

tangential  chord 

P 

Gas  density 

Pt  Upstream  total  density 


INTRODUCTION 

Plow  visualisation  techniques  are  powerful  tools  in  helping  to  understand  the  complex  flows  in  gas 
turbine  blade  passages.  This  is  especially  true  when  testing  turbine  blade  profiles  in  two-dimensional 
cascade  tunnels,  where  the  blades  can  be  mounted  between  optloally  high  quality  windows,  giving  optloal 
aooess  far  superior  to  that  available  in  a  rotating  turbine. 

Although  sohlleren  and  shadowgraph  techniques  oan  be  used  to  locate  flow  features  such  as  shock 
waves  and  blade  wakes,  it  is  desirable  to  have  quantitative  measurements  of  the  passage  flow  whloh  oan  be 
compared  with  those  predicted  by  the  methods  of  computational  fluid  dynamlos  iCPD) . 

Laser  doppler  or  laser  2-spot  anemometry  oan  determine  the  looal  velocity  at  a  point  in  the  flow, 
but  to  build  up  a  complete  flowfleld  takes  considerable  time  and  effort  as  the  anemometer  has  to  be 
scanned  over  the  area  of  interest.  This  technique  is  also  better  suited  to  continuously  running  tunnels 
than  it  is  to  the  short  duration  oasoade  tunnel  used  for  this  paper. 

Two-dimensional  image  plane  holography,  as  used  in  the  work  described  here,  oan  give  a  flow  density 
map  at  a  given  Instant  of  time,  whloh  oan  be  easily  oompared  with  CPU  predictions.  It  is  Ideally  suited 
to  short  duration  wind  tunnels,  as  referenoe  exposures  oan  be  made  just  before  a  tunnel  run.  and  high 
quality  interferograms  oan  be  obtained. 

In  this  paper,  holography  is  used  to  study  the  flowfleld  In  a  oasoade  of  turbine  blade  profiles 
typical  of  those  In  modern  single  stage,  high  effloienoy.  high  pressure  turbine  stages  used  in  high 
bypass  ratio  oivil  engines.  The  holographlo  technique  used  is  a  refinement  of  that  described  in  fl] . 


ciarsMt  tom. 

The  Oxford  Isentropio  Light  Platon  Cascade  Tunnel [2,3] ,  employed  in  the  work  desorlbed  in  [1],  was 
again  used  to  provide  a  flow  over  a  oasoade  of  turbine  blades  at  full-soale  Reynolds  and  exit  Naoh 
numbers.  Temperature  ratios  (Tg/Tw  -  upstream  total  temperature/blade  surfaoe  temperature)  of  l.S  and 
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1.0  ware  uMd  with  Tw  at  room  temperature  (approx.  288  K) ,  giving  tunnel  run*  lasting  0.4  sso.  and  1.0 
sao.  respectively.  Tunnal  Movements  during  tba  run  vara  again,  at  Boat.  +0.16  am  in  any  direction. 


TEST  CASCADE 

Tba  7  paaaaga  linear  caaoada  of  turbine  blade  prof Ilea  used  la  ahovn  in  Pig.  1.  Tba  oaaoade 
(com try  and  noBlnal  teat  oondltiona  are  ahovn  In  Table  1.  The  holographic  work  described  here  vaa  part 
of  a  larger  prograaae  described  by  Niobolson  [4]  encoapaasing  aerodynaalo.  CPD.  and  beat  transfer  studies 
as  veil  as  flov  visualisation. 


TABLR  1  CASCADE  0 SOMETH T  and  NOMINAL  TEST  CONDITIONS 


Blade  tangential  chord 

43. 8  mm 

Blade  axial  ohord 

33.7  am 

Blade  span  In  cascade 

50.0  mm 

Cascade  pitch 

36.8  am 

Measured  throat 

13.92  mm 

Inlet  angle 

42.73  ° 

Inlet  Mach  number  (measured) 

0.31 

Exit  Mach  number  (based  on  Inlet 
total  and  exit  static  pressure 
measured  behind  downstream 
expansion  step) 

Design :  Me  ■ 

0.96 

M+  condition:  Me  - 

1.20 

Reynolds  number  (tangential  chord, 
and  lsentroplo  exit  conditions) 

Re  - 

2.0x10 

Blade  temperature  Tw  - 

288  K 

Opatrau  Total  Taapor.ture 

Hot  flow: 

Tg/Tw  -  l.S 

Tg  - 

432  t 

Cold  flow 

Tg/Tv  -  1.05 

Tg  - 

303  K 

Upstream  total  Pressura 

Bot  flow:  Pt  - 

510  kPa 

Cold  flow:  Pt  - 

323  kPa 

Upstream  turbulence  level 

Grid  In  Tu  - 

4.1% 

Grid  out  Tu  * 

<0.2% 

Stagnation  density 

Hot  flow  Pt  - 

4.11  kg/m 

cold  flow  Pt  • 

3.74  kg/m* 

The  turbine  blade  profile  used  Is  a  high  efficiency  single-stage  high  pressure  turbine  profile, 
designed  using  aerodynaalo  criteria  alone.  The  ssae  profile  has  been  used  In  otber  studies  (5,6. 7. t]  at 
a  larger  scale  In  a  5  passage  cascade. 

This  profile  performs  beat  vltb  s  Just  subsonlo  exit  Mach  number,  although  results  at  a  supersonic 
Me oh  number  are  also  given  here.  Dimensions  and  nominal  running  conditions  are  given  in  Table  1. 

The  upstream  turbulence  experienced  by  a  turbine  rotor  was  alsulated  in  some  of  the  runs  by  placing 
a  turbulenoe  grid  of  olroular  bars  upstream  of  the  oaaoade.  as  shown  in  Pig.  1.  Bot  wire  measurements, 
using  the  technique  described  In  (3]  measured  the  rms  upstream  turbulenoe  level  to  be  Tu  -  4.1%  with  the 
grid  in  place  and  Tu  <  0.2%  with  It  removed.  Temperature  fluctuations  with  the  grid  in  were  <  0.2%  rms 
even  with  hot  flov  passing  over  a  cold  turbulenoe  grid. 


BfoMBAmcaiaiBM 

The  optloal  system  used  In  these  experiments  was  similar  to  the  two-dimensional.  Image  plane  system 
previously  described  in  [1],  and  shown  in  Pig.  2. 

Image  plane  holography  dispenses  with  the  inherently  three-dimensional  nature  of  holograms  in  order 
to  yield  high  resolution  two-dimensional  Images  with  minimum  sberratlons  due  to  dlffraotlon  and 
refraction  of  the  light  rays  as  they  pass  through  the  test  eeotion. 

White  light  reoons true t Ion  was  again  used  (Pig.  S)  In  order  to  avoid  the  speokle  pattern  normally 
associated  with  holographic  Images. 
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Two  types  of  holograms  war#  taken: 
lAJ _ Absolute  HiMmpm.. 

A  reference  exposure  la  made  by  firing  tha  laser  juat  before  the  tunnal  run,  and  a  aaoond  exposure 
la  taken  during  tha  run.  Tba  interfere noa  fringes  on  tha  Image  reoonatruoted  fro*  tha  bologran  oan  be 
Interpreted  aa  oontoura  of  oonatant  density  In  tba  oaaoada  paaaaga. 

In  (1]  It  la  ahown  that.  If  fringes  are  counted  fro*  a  stagnation  point  with  stagnation  density  pt> 
the  local  density  at  fringe  number  H  la  given  by 


and  the  looal  laentroplo  Haob  number  by 
-(y-1) 


-1) 


(2) 


here  the  Dal e-Gladstone  coeffioient  C  -  2.25  x  1<T  ■  /kg  for  air  at  the  wavelength  A  -  694.3  na  used. 


IfcJ _ DlffardntJal  HplQgrMn. 

The  two  exposures  (or  laser  pulses)  are  separated  by  lQQpe  end  the  Interference  fringes  represent 
contours  of  oonatant  density  change  In  100  ps.  This  type  of  hologram  proved  useful  In  looating 
freestream  turbulent  features,  unsteady  wakes  and  shook  waves. 

The  Image  plane  holographic  techniques  described  In  [1]  have  been  used  to  study  transonic  flow 
around  an  airfoil  [9]  and  a  wedge  [10].  Similar  techniques  have  been  used  by  Lee  et  al.[ll]  . 


A  number  of  steps  were  taken  to  improve  the  quality  of  the  reconstructed  holographic  interferograms 
compared  with  those  shown  In  [1]: 

(a)  the  blades  were  more  rigidly  mounted  to  prevent  blade  movement  due  to  flow  forces  between  the 
reference  (no  flow)  and  second  (with  flow)  exposures. 


(b)  experiments  showed  that  the  effects  of  refraction  In  the  density  gradients  associated  with  the 
blade  surface  boundary  layers  oould  be  minimised  by  focussing  the  optical  system  on  the  mid-span  plane  of 
the  oasoade.  as  would  normally  be  done  with  a  scblleren  system.  The  blades  were  painted  matt  black  to 
minimise  the  effects  of  surface  reflection.  Diffraction  from  the  blade  edges  was  considered  secondary  to 
the  above  effects  and  no  direct  attempts  were  aa<le  to  minimise  its  effect. 

(c)  The  viewing  area  was  increased  by  using  larger  windows  showing  two  complete  passages,  and  oare 
was  taken  to  ensure  uniform  laser  illumination. 

(d)  Spurious  fringe  shifts  across  the  image  were  significantly  reduced  by  using  a  more  rigid 
optical  bench,  and  great  oare  was  taken  to  isolate  the  bench  from  souroes  of  movement. 


mian  aw  visualisation 

Pigs.  4  and  S  show  conventional  spark  soblleren  images  of  the  cascade  flowfleld  with  hot  turbulent 
upstream  oonditlons  at  Me  -  0.96  and  Ke  -  1.2.  Sharp  flow  features  such  as  shock  waves  and  wakes  are 
readily  apparent,  as  schlleren  detects  density  gradients,  but  the  Mach  number  variation  through  the 
passage  cannot  easily  be  determined. 

It  must  be  noted  that  Pigs.  4  and  5  indicate  excellent  periodicity  in  this  7  passage  cascade,  even 
at  the  design  exit  Mach  number,  where  there  are  multiple  moving  shock  waves  in  the  transonic  region, 
adjacent  to  the  suction  surfaoe. 


hSSQim  RPLQQMMa.gr  IMLELfflt 

Initially,  absolute  holograms  were  taken  of  the  flow  with  the  (4.1%)  turoulence  grid  in  place  and 
with  hot  upstream  flow,  conditions  whioh  are  normally  considered  to  best  model  the  turbine  flow.  When 
interpreted  as  lines  of  oonatant  density,  the  fringes  shown  in  Pig. 6  (Me  *  0.96)  and  Fig. 7 
(Me  *  1.20)  olearly  show  the  density  ohangea  due  to  the  acceleration  of  the  flow  through  the  passage, 
the  leading  edge  stagnation  points  are  enoiroled  by  small  fringes,  and  the  shock  wave  structure,  weak  in 
Pig. 6,  coalesces  at  the  higher  exit  Mach  Number  in  Pig. 7  to  a  well  defined  trailing  edge  shook  system. 
Evidence  of  the  presenoe  of  a  regular  Karmen  vortex  street  in  the  blade  wake  flow  is  stronger  in  Pig. 6. 

There  are,  however,  two  features  apparent  in  Pigs.  6  and  7  which  required  further  investigation: 

(1)  The  fringes  ere  rough  In  shape,  and  exhibit  random  kinks,  the  supposedly  uniform  upstream 
flowfleld  la  filled  with  a  random  fringe  pattern. 

(li)  A  careful  count  of  fringes  from  one  blade  leading  edge  to  the  next  shows  that  there  are  overall 
frlnga  number  shifts  of  one  or  more  between  the  same  points  on  different  blades. 

The  roughness  (i)  was  found  to  be  due  to  random  turbulent  density  fluctuations  in  the  flow.  This 
arose  from  two  souroes: 
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Firstly,  there  is  tbs  4.1%  level  of  freestreaa  turbulence  crested  by  the  upstreaa  grid  (Flg.l), 
which  would  be  expeoted  to  generate  rsndoa  fringe  shifts.  However,  s  hot  (Tg/Tw  -  1.5)  run  (Fig. 8)  with 
the  turbuleooe  grid  removed  still  showed  considerable  rsndoa  fringe  structure. 

It  wss  then  realised  that  the  turbulent  boundary  layers  on  the  tunnel  windows,  normal  to  the  line 
of  sight,  contain  rsndoa  density  fluctuations  due  to  the  temperature  difference  between  the  cold  (288K) 
windows  and  the  hot  (432K)  flow.  Although  the  analysis  given  in  [1]  shows  that  the  tine  averaged  ahange 
in  optical  path  length  due  to  the  temperature  gradients  in  both  window  boundary  layers  was  only  0.8  aa  in 
a  50  ms  blade  span  (1.4%),  the  random  density  structures  in  these  turbulent  boundary  layers  can  easily 
generate  the  observed  fringe  shifts. 

This  source  of  fringe  randoaness  was  removed  by  running  the  tunnel  cold,  with  the  flow  total 
teapersture  just  above  that  of  the  windows,  in  order  to  have  insignificant  turbulent  temperature 
fluctuations  in  the  window  boundary  layers.  Fig. 9  shows  the  flowfleld  with  oold  flow  (Tg/Tw  *  1.05)  with 
the  turbulence  grid  in  plaoe.  It  is  noticeable  that  the  random  fringe  fluctuations  due  to  grid 
turbulence  in  this  figure  are  of  a  longer  length  soale,  or  a  lower  spatial  frequency,  than  those  due  to 
the  window  boundary  layers  in  Fig. 8.  Although  this  is  partially  due  to  the  greater  low  frequency  energy 
content  of  the  grid  produoed  turbulence,  the  main  contributing  factor  is  the  integration  of  the  density 
field  over  the  SO  an  optical  path  corresponding  to  the  blade  span.  This  will  reduce  the  visibility  of 
turbulent  structures  having  a  length  soale  of  less  than  50  aa.  For  a  typioal  cascade  inlet  velocity  of 
100  a/ a.  this  corresponds  to  a  low  pass  filter  with  an  upper  frequency  out  off  starting  at  2  kHz.  This 
implies  that  auoh  of  the  500  Hz  -  100  kHz  measured  turbulence  spectrua  upstreaa  of  the  cascade,  reported 
in  (41.  will  not  be  seen  in  Fig. 9.  In  Fig. 8  the  effective  integration  length  for  the  window  boundary 
layers  is  auoh  smaller,  of  the  order  of  2  aa.  and  so  smaller  soale  structures  are  evident. 

the  overall  fringe  shifts  between  blades  are  evident  with  the  grid  in  (Figs.  6,7,  and  9).  but  not 
with  the  grid  out  (Fig. 8),  whloh  indicates  that  they  arise  froa  the  presence  of  low  frequency,  large 
soale,  turbulent  structures  in  the  grid  produoed  turbulenoe  whloh  are  Biasing  in  the  window  boundary 
layers. 


To  obtain  Holograms  yielding  lnterferograas  whioh  aay  usefully  be  ooapared  with  CPD  two-dimensional 
flowfleld  predictions,  it  is  neoessary  to  run  the  tunnel  both  with  oold  flow  and  without  the  turbulence 
grid.  Fig.  10  shows  a  hologram  taken  with  Tg/Tw  -  1.05  and  Tu  <  0.2%.  In  this  case  density  fluctuations 
caused  by  teapersture  or  veloolty  fluctuations,  and  the  window  boundary  layer  density  fluctuations,  are 
alnlalsed.  The  lnterferograa  shows  excellent  passage  to  passage  repeatability,  and  the  region  upstreaa 
of  the  blade  row  is  of  constant  density.  The  fringes  have  smooth  profiles  exoept  in  regions  of  secondary 
oorner  flow  on  the  latter  half  of  the  suction  surface,  and  where  the  horseshoe  vortex  can  be  seen  as  a 
kink  in  the  fringes. 

The  density  changes  in  the  blade  wakes  can  be  clearly  seen,  with  a  period io  vortex  structure,  the 
multiple  shock  waves  on  the  suotlon  surfaoe  seen  previously  in  Figs.  4  and  6  are  evident  as  kinks  in  the 
fringes. 

It  had  initially  been  hoped  that  holographic  lnterferograas.  such  as  Fig. 10,  would  have  yielded 
useful  quantitative  information  in  the  blade  surfaoe  boundary  layers.  Unfortunately,  in  practloe.  the 
fringes  due  to  the  boundary  layer  density  gradients  are  distorted  by  refraotlon  and  diffraotion  effects 
and  aoourate  aeasureaents  are  difficult  to  obtain.  Qualitatively,  however,  it  is  readily  apparent  that 
the  boundary  layer  on  the  latter  part  of  the  suotion  surfaoe  is.  as  expected,  thicker  than  that  of  the 
pressure  surface.  The  inorease  of  density  approaohlng  the  blade  surfaoe  is  visible  as  a  distinct  kink  in 
the  fringes. 

It  is  important  to  emphasise  that  these  holograms  portray  the  flow  at  an  Instant  in  time,  and  do 
not  show  a  time  averaged  view. 


DirraMTitt  hqlqmihs  or  rag  mat 

Differential  holograas,  taken  with  both  hot  and  cold  flow,  and  with  and  with  the  turbulenoe  grid 
in,  oonflra  the  overall  ploture  shown  in  the  absolute  holograas.  Being  sensitive  to  changes  of  density 
with  time,  they  highlight  unsteady  features  in  the  flowfleld.  the  100  ps  pulse  separation  used 
corresponds  to  a  oonveotive  displacement  of  about  10  an  in  the  upstreaa  flow  and  thus  will  emphasise 
structures  smaller  than  this. 

Following  the  sequenoe  of  the  absolute  holograas,  fig.  11  shows  the  flow  for  Tg/Tw  ■  1.5  and 
Tu  -  4.1%.  Although  the  suction  surfaoe  shock  waves  and  the  wakes  oan  be  discerned,  the  iaage  is 
dominated  by  the  random  fluctuations  in  the  turbulent  mainstream  and  in  the  window  boundary  layers. 

Removing  the  turbulenoe  grid,  but  leaving  the  flow  hot  (Fig. 12)  again  demonstrates  that  the  high 
frequency  fluctuations  are  due  to  the  window  boundary  layers. 

Running  the  tunnel  oold.  but  with  the  grid  in  (Fig. IS)  oonfima  that  integration  along  the  optloal 
path  over  the  cascade  span  shows  only  the  lower  frequency  components  of  the  upstream  turbulenoe. 

Fig. 14  shows  the  oasoade  with  oold  low- turbulence  flow.  Rxoept  for  slight  spurious  fringing  not 
related  to  the  flow,  the  upstreaa  flow  is  steady.  The  moving  suotlon  surfaoe  shook  waves  are  evident, 
together  with  He  oh  waves  generated  by  the  periodic  wake  shedding  at  the  trailing  edge.  The  vortex  street 
in  the  wake  is  also  dearly  seen. 

The  high  frequency  disturbances  in  the  region  adjacent  to  the  latter  part  of  the  suotion  surfaoe 
are  due  to  the  local  turbulent  seoondary  flow  region  on  the  oorner  between  the  blade  and  the  window  side 
wall.  Oil  dot  surfaoe  flow  visualisation  results,  shown  in  [4].  oonflra  the  existence  of  this  region, 
whloh  by  the  trailing  edge,  extends  over  about  12%  of  the  blade  span  on  the  suotlon  surfaoe. 
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By  obanoe,  40  overall  shift  of  half  a  fringe  between  exposures  in  the  differential  hologram  shown 
in  Pig. IS  highlights  a  not  often  seen  feature  of  the  flow.  If  the  background  of  spurious  closely  spaced 
fringes  la  Ignored,  the  00 re  of  the  horseshoe  vortex  can  be  dearly  seen  as  a  long  kinked  line  stretobing 
from  near  the  leading  edge  into  the  passage  on  the  pressure  surface  side.  It  Is  Interesting  to  note  that 
the  position  of  this  core  is  unsteady  both  in  position  and  in  time.  Careful  subsequent  examination  of 
other  sohlleren  and  holographic  images  have  confirmed  the  existence  of  these  unsteady  vortex  cores  which 
are  apparently  unstable  even  with  steady,  low- turbulence  flow  upstream  of  the  cascade.  Can  present  CFD 
techniques  predict  this? 


UaO M  MHfl  BLADE  XtFACS  P BMflgRfi 

By  looatlng  the  position  of  the  intersection  of  the  free  stream  fringes  with  the  blade  surface  in 
an  absolute  hologram,  the  blade  surfaoe  Mach  number  distribution  can  be  computed,  this  was  done  by 
extrapolating  the  fringe  normal  to  the  blade  surface  at  the  point  where  the  fringes  change  direction 
suddenly  because  of  the  density  gradients  in  the  boundary  layer.  The  surface  lsentropic  Maoh  number  was 
then  calculated  at  the  edge  of  the  boundary  layer,  with  the  standard  assumption  of  oonstant  statlo 
pressure  across  the  boundary  layer,  by  using  Equation  (2). 

Pig. 16  compares  the  surfaoe  Maoh  number  distribution  obtained  from  the  cold  flow,  low-turbulenoe 
hologram  in  Pig. 10  with  that  deduced  from  statlo  pressure  measurements  at  the  blade  surfaoe.  The  error 
bars  on  the  holographic  data  represent  an  error  of  1/2  a  fringe,  arising  mainly  from  the  uncertainty  of 
locating  the  stagnation  fringe,  and  they  show  that  the  errors  become  large  for  regions  where  K  <  0.2  . 

With  care,  the  hot  turbulent  flow  holograms  can  also  be  used.  Pig. 17  shows  a  similar  comparison 
obtained  from  Pig. 7  . 

In  both  oases  the  agreement  is  good,  particularly  over  the  suction  surface.  The  differences  in  the 
region  where  the  shock  wave  meets  the  suction  surface  arise  from  the  hologram  accurately  looatlng  shock 
at  one  Instant  of  time  in  the  run,  whereas  the  time  averaged  surface  pressure  measurements  broaden  the 
apparent  location  of  the  shock,  which  moves  slightly  during  the  run. 


COMPARISON  WITH.  IIMBMARCHINO  CFD  PREDICTION 

The  absolute  holograms  provide  useful  experimental  data  with  which  to  oompare  CPD  flowfleld 
predictions.  Nicholson  [4]  describes  the  use  of  the  tlmemarohlng  techniques  developed  by  Denton  [12]  to 
predict  the  two-dimensional  passage  flowfleld  in  the  oasoade  described  in  this  paper. 

Comparisons  between  the  Isodensity  contours  obtained  from  the  absolute  holograms  in  Pigs.  10  and  7 
and  from  the  tlmemarohlng  program  are  shown  in  Pigs.  IS  and  19  .  Generally,  the  agreement  between  the 
prediction  and  the  experiment  is  good,  exoept  where  3-dimensional  secondary  flow  features  affect  the 
hologram,  aod  in  the  region  of  shock  waves,  whloh  are  broadened  by  the  prediction  technique.  Certainly, 
absolute  holograms  provide  an  excellent  experimental  check  on  the  accuracy  and  assumptions  of  CPD 
techniques. 


CQjKLMIOaa 

Two  dimensional  image  plane  holography  with  white  light  reconstruction  has  been  used  to  obtain 
absolute  lnterferograma  showing  two  passages  of  the  flowfleld  in  a  two  dimensional  cascade  of  high 
efficiency  turbine  blades.  Besults  obtained  from  these  holograms  oompare  well  with  ' hose  obtained  from 
blade  surface  pressure  measurements  and  from  tlmemarohlng  CPD  predictions. 

Differential  holograms  were  used  to  study  unsteady  flow  features,  such  as  shook  waves,  wakes  and 
secondary  flow.  It  was  found  that  the  observed  pattern  of  isodenslty  interference  fringes  oould  be 
oorrupted  by  turbulenoe  in  the  freestream  and  by  turbulent  temperature  variations  in  the  window  boundary 
layers,  the  most  suitable  holograms  for  comparison  with  other  flowfleld  measurements  and  predictions  are 
obtained  by  using  and  ambient  total  temperature,  low  turbulenoe  flow  though  the  test  oasoade. 
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Fig  4.  Spark  schlieren  photograph  of  caaoade  flow 
Re  =  2.0xl0#.  Me  -  0.96.  Tu  -  4.1%.  Tg/Tv  -  1.5 


Fig  5.  Spark  schlieren  photograph  of  cascade  flov 
at  H*+  conditions. 

Re  -  2.0x10*.  Me  «  1.20.  Tu  4.1%.  Tg/Tw  =  1.5 
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Fig  8.  Absolute  hologram  of  cascade 

with  hot  low-turbulence  upstream  flow. 

Re  =  2.0x10*.  Me  =  0.96.  Tu  <  0.2*.  Tg/Tv  =  1.5 


Fig  10.  Absolute  hologram  of  cascade 

with  cold  low- turbulence  upstream  flow. 

Re  =  2.0x10  .  Me  -  0.f6.  Tu  <  0.2*.  Tg/Tw  -  1.05 


Fig  9.  Absolute  hologram  of  cascade 
with  cold  turbulent  upstream  flow. 

Re  =*  2.0x10*.  Me  =  0.96.  Tu  *  4.1*.  Tg/Tw  =  1.05 


Fig  11.  Differantial  hologram  (100ns  separation) 
with  hot  turbulent  upstream  flow. 

Re  -  1.0x10*.  He  -  0.96,  Tu  -  4.1*.  Tg/Tw  -  1.5 


Fig  12.  Differential  hologra*  (lOOps  separation)  Pig  13.  Differential  holograa  (100Ms  separation) 
with  hot  low-turbulenoe  upstreaa  flow.  with  cold  turbulent  upstreaa  flow. 

He  -  2.0x10  ,  Me  -  0.96,  Tu  <  0.2%,  Tg/Tw  -  1.5  Re  -  2.0x10  ,  Me  -  0.96,  Tu  -  4.1%,  Tg/Tw  -  1.05 


Pig  14.  Differential  hologra*  (lOOjia  separation)  Pig  15.  Differential  nologra*  (100Ma  separation) 
with  cold  low-turbulenoe  upstreaa  flow.  with  oold  low-turbulenoe  upstrea*  flow. 

Re  -  2.0x10*.  Me  -  0.96,  Tu  <  0.2%.  Tg/Tw  -  1.05  showing  horseshoe  vortex. 

Re  -  2.0x10  ,  Me  -  0.96.  Tu  <  0.2%,  Tg/Tw  -  1.05 


Moch 


Fig  16.  Comparison  of  blade  surface  Mach  number 
distribution  from  Fig  10  hologram  with  that 
from  blade  surface  static  pressure  tappings. 
Me  -  0.96. 


Fig  17.  Comparison  of  blade  surfaoe  Mach  number 
distribution  from  Fig  7  hologram  with  that 
from  blade  surface  static  pressure  tappings. 
Me  -  1.18. 


Isodensitiec  from  Timemarching 
^  Prediction 

//  liodensities  from  Holoyon 


/  Isodent, tiei  tn>m  Timwnorching 
^  Prediction 

Itodentities  from  Hologram 


Fig  18.  Comparison  of  isodenslty  contours  from 
Fig  10  hologram  with  tlmemarohing  predictions. 
Me  *  0.96. 


Fig  19.  Comparison  of  isodensity  contours  from 
Fig  7  hologram  with  tlmemarohing  predictions. 
He  -  1.18. 


DISCUSSION 


HJ.Lkhtfuss,  GH 

Your  Schlieren  pictures  clearly  show  side  wall  effects  as  horse-shoe  vortices  and  secondary  flows  and  you  clearly 
indicated  that  your  Schlieren  figures  are  averages  over  the  profile  span.  On  the  other  hand,  the  comparison  of  profile 
pressure  distribution  at  mid  span,  between  Schlieren  and  pressure  top  results  does  not  show  such  discrepancies  to  be 
associated  to  side  wall  effects.  Could  you  please  explain  this? 

Author's  Reply 

Schlieren  photography  is  sensitive  to  the  spatial  derivative  of  the  flowfield  in  a  direction  perpendicular  to  the  optical 
path.  Hence  it  emphasizes  sharp  discontinuities  in  the  flow,  such  as  shock  waves,  wakes  and  secondary  flow  vortices, 
and  is  insensitive  to  the  background  passage  density  field.  On  the  other  hand  absolute  holograms,  such  as  in  fig.  10  are 
directly  sensitive  to  the  absolute  density  field,  and  secondary  flow  features  represent  only  small  perturbations  of  the 
fringe  pattern  of  the  two  dimensional  field  integrated  over  the  50  mm  span. 

For  example,  in  fig.  10,  the  horse-shoe  vortex  causes  a  fringe  shift  of  less  than  half  a  fringe,  which  is  within  the  accuracy 
assumed  when  making  the  comparisons  in  figs  1 6—  1 9. 

However,  we  agree  that  care  must  be  taken  to  ensure  that  the  holograms  are  sufficiently  representative  of  two 
dimensional  flow  before  comparing  them  with  other  2D  measurements  and  predictions. 


W.G.AIwan&  US 

( 1 )  What  part  of  the  horse-shoe  vortex  are  you  seeing? 

(2)  Do  you  think  that  diffuse  illumination  would  allow  better  definition  of  the  3D  nature  of  the  vortex?  i.e.  localization 
of  the  density  variations. 

Author's  Reply 

( 1 )  We  think  they  are  the  comer  secondary  flow  vortex  cores  and  that  they  are  close  to  the  ends  of  the  blade. 

(2)  It  should  be  possible  to  visualize  the  vortex  by  the  manner  you  describe.  In  a  similar  situation  [  1 0),  the  vortex 
structure  within  a  supersonic  boundary  layer  was  visualized. 
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BEAM- MODULATION  METHODS  IN  QUANTITATIVE  AND  PLOW-VISUALIZATION 
HOLOGRAPHIC  INTERPEROMETRY 


Arthur  J.  Decker 

National  Aeronautics  and  Space  Administration 
Lewis  Research  Center 
Cleveland,  Ohio  44135 


SUMMARY 

A 

This  report  discusses  heterodyne  holographic  interferometry  and  time-average  holo¬ 
graphy  with  a  frequency  shifted  reference  beam.  Both  methods  will  be  used  for  the 
measurement  and  visualization  of  internal  transonic  flows,  where  the  target  facility  is 
a  flutter  cascade.  The  background  and  experimental  requirements  for  both  methods  are 
reviewed.  Measurements  using  heterodyne  holographic  interferometry  are  presented.  The 
^performance  of  the  laser  required  for  time-average  holography  of  time-varying  transonic 
"flows  is  discussed. 

\ 

INTRODUCTION 

Among  the  beam-modulation  methods  described  in  the  literature  are  diffuse- 
illumination  heterodyne  holographic  inter fereometry1*'  and  diffuse-illumination  time- 
average  holography  with  frequency  modulation  of  the  reference  wave.5"7  A  goal  at  NASA 
Lewis  Research  Center  is  to  implement  both  methods  in  a  test-cell  environment  as  well  as 
in  the  laboratory.  The  intended  applications  are  structural  analysis,  flow  visualiza¬ 
tion,  and  flow-properties  measurements. 

The  technological  problems  and  details  that  must  be  attended  to  for  these  methods 
are  similar  for  structural  analysis  and  for  the  measurement  or  visualization  of  internal 
transonic  flows.  This  paper,  then,  centers  on  internal  transonic  flows,  although  we 
are  by  no  means  exclusively  or  even  primarily  interested  in  this  flow  region.  A  major 
factor  is  that  a  number  of  transonic-flow  facilities  have  been  constructed  in  the  past 
decade.8*12  Some  of  these  facilities  are  available  for  evaluating  heterodyne  and  time- 
average  holography.  The  degree  of  difficulty  is  realistic:  techniques  which  have  some 
successes  in  the  internal  transonic  environment  are  likely  to  be  transferable  to  other 
applications  in  the  field.  One  particular  facility,  a  flutter  cascade  of  blades  vibrat¬ 
ing  in  a  pitching  motion,  has  been  tested  with  schlieren,  1  rainbow  schlieren,1-*  and 
holographic  flow  visualization,1'  and  is  convenient  for  a  test  of  the  beam  modulation 
methods. 

Some  difficulties  in  implementing  diffuse-illumination,  heterodyne,  holographic 
interferometry  for  flow  measurements  are  generation  of  the  two  reference  beams  required 
and  transference  of  alignment  from  the  test-cell  to  the  hologram  readout  station.  Other 
difficulties  are  the  generation  of  a  fringe  pattern  with  enough  contrast  or  signal-to- 
noise,  and  the  avoidance  of  time-varying  fringe  patterns  produced  by  components  other 
than  the  flow. 

A  major  incentive  for  overcoming  these  difficulties  is  that  the  necessary  hardware 
for  both  methods  is  available  off-the-shelf,  with  minimal  modifications.  Por  the  heter¬ 
odyne  techniques,  this  hardware  includes  pulsed  lasers  with  interpulse  beam-switching 
capability,  stable  continuous  wave  lasers,  acoustooptic  frequency  shifters,  and  inexpen¬ 
sive  computers  and  computer  controlled  accessories. 

The  major  difficulty  in  implementing  time-average  holography  for  flow  visualization 
is  the  acquisition  of  a  suitable  laser  system.  For  time-average  holography,  there  is  at 
least  one  long-pulse  flash lamp-pumped  dye  laser  with  good  beam  uniformity,  which 
requires  some  modifications  for  the  holographic  application.  This  laser  is  being 
acquired  for  evaluation,  since  it  offers  the  combination  of  energy  and  pulse  length 
required  for  transonic  flow  visualization. 

The  available  hardware  makes  it  possible  and  desirable  to  take  advantage  of  some 
well  known  properties  of  heterodyne  and  time-average  holographic  interferometry. 

Included  are  the  high  precision,  the  continuous  fringe  interpolation  capability,  and  the 
computer  compatibility  of  heterodyne  interferometry,  and  the  fringe-contrast  control 
capability  of  time-average  holography.  These  properties  are  combined  with  the  advant¬ 
ages  and  disadvantages  of  diffuse-illumination  interferometry,  including  the  fringe- 
localization  effect,  three-dimensional  measurements  and  visualization,  and  the  noise  of 
the  laser  speckle  effect. 

This  paper  summarizes  some  steps  taken  and  conclusions  arrived  at  in  the  NASA  Lewis 
program.  A  general  background  for  beam  modulation  methods  is  presented:  diffuse- 
illumination  heterodyne  and  time-average  holography  are  two  special  cases.  Then  the 
quantitative  fundamentals  of  these  two  special  cases  are  reviewed,  and  the  status  of  the 
implementation  of  these  cases  is  discussed  in  terms  of  hardware,  tests,  experimental 
results,  and  future  potential. 
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BACKGROUND 


Most  of  the  concepts  of  holographic  optical  processing  of  the  past  24  years  can  be 
represented  by  two  equations.  At  the  recording  plane  H  of  a  two-dimensional  hologram, 
the  reconstructed  wave  satisfies  the  proportionality 

0R(rB,t)«  j S(tH,t*)0(rH,t')R*(rHtt')RR(rH,t)  dt'  (1) 

where 


0(rH,t) 


is  the  object  wave, 


R(rR,t)  is  the  reference  wave, 

RR(rR»t)  is  the  reconstruction  wave, 

and  S(rH,t)  is  the  shutter  function,  which  can  be  absorbed  mathematically  in  the 
reference  wave.  The  position  on  the  hologram  is  denoted  by  rR,  and  all  functions 
potentially  have  a  relative  time  dependence  denoted  by  t. 


A  second  equation  is  obtained  by  including  linear  operations  preceding  and  follow¬ 
ing  the  hologram  recording  step.  If  an  object  wave  0o(r0,t)  originates  at  positions 
r 0  and  a  reconstructed  wave  0R(rD,t)  is  subsequently  detected  at  positions  rD,  then 


OrUd-M 


///// 


hR(CD>rH!titH>h(rH!ro'tH,!to>0o(to'to> 


R*<tH,V>RR(rH,tH!  dtH  dtH  dV  dtQ  dro 


(2) 


where  hR  and  h  are  impulse  response  functions  connecting  the  detection  (rD,t),  the 
reconstruction  the  recording  (rH,tH')»  and  the  object  (r0,t0)  coordinates 

and  times. 

The  selections  of  R  and  RR  can  be  used  to  enhance  the  visualization  of  the 
object  wave  00 ,  or  to  condition  the  object  wave  for  measurements  and  analysis. 

Por  methods  discussed  in  this  paper,  R  and  Rr  are  carefully  matched  geometri¬ 
cally,  so  as  to  faithfully  reconstruct  the  object  wave  fronts.  The  form  of  the  output 
wave  Oj^  is  determined  by  time  modulation  of  R  and  RR.  Diffuse-illumination  holo¬ 
graphy  is  used  exclusively,  and  the  usual  geometrical  optics  viewpoint  is  adopted.  The 
consequences  of  these  choices  are  summarized  next. 


Diffuse-Illumination  interferometry15 


In  diffuse-illumination  holography,  light  rays  arrive  at  each  point  rR  at  the 
hologram  recording  plane  from  all  parts  of  the  fluid.  For  linear  recording,  the  light 
rays  are  treated  independently.  Associated  with  the  direction  of  polarization  of  the 
reference  wave,  each  light  ray  has  a  magnitude  and  a  phase,  where  the  phase  has  both  a 
random  and  a  deterministic  part.  For  a  time-varying  fluid,  the  deterministic  part  has 
a  time  variation  apart  from  the  variation  at  the  frequency  of  light.  The  impulse- 
response  functions  in  Eq.  (2)  are  associated  with  the  propagation  and  imaging  of  light 
rays,  and  need  not  be  mentioned  again.  Where  different  light  rays  intersect,  the  random 
component  of  phase  leads  to  a  high  frequency  interference  effect  called  the  laser 
speckle  effect.  Within  a  given  light  ray,  the  time  variation  of  phase  is  given  by  a 
familiar  expression 


$(t) 


p(r,t)  dS 


(3) 


where  X  is  the  wavelength  of  the  laser  beam,  G  is  the  Gladstone-Dale  coefficient 
(G  ■>  0.227xl0'3  m3/kg  for  air  at  X  -  532  nm) ,  p(r,t)  is  the  density  as  a  function  of 
position  on  the  light  ray  r  and  the  time  t,  and  S  is  the  distance  along  the  light 
ray. 


The  light  rays  themselves  are  generally  curved  lines,  but,  for  the  internal-flow 
facilities  treated  herein,  it  is  reasonable  to  assume  that  the  rays  are  straight  lines 
(refractionless  limit). 15,17  A  fringe  pattern  is  formed  as  in  Fig.  1,  when  the  light 
rays  are  superimposed  by  imaging.  Except  for  explaining  the  speckle  effect,  the  inten¬ 
sities  of  the  individual  light  rays  add  independently,  so  that  the  interference  pattern 
I  is  given  by  the  proportionality. 


I 


^  ‘u  *  £  I2l  ooa(4»t) 


(4) 


where  t  Is  a  ray-to-ray  summation  Index,  carried  over  an  Imaging  pencil,  and 
is  the  phase  relative  to  a  reference. 
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The  fringe  pattern  will  have  high  contrast  only  for  those  images  of  points  where 
the  variation  of  ia  negligible  within  the  imaging  pencil.  Then,  a  first-order 

criterion  for  high  contrast  is  the  fringe  localization  condition 

3A*/30ix  -  0  3A*/3eiy  -  0  (5) 

where  0^x  and  ©iy  are  angles  about  the  central  ray  z  in  the  xz  and  yz  planes, 
respectively  (Fig.  I).  When  Qj*  and  are  not  independent  as  in  slit  viewing,  a 

single  localization  equation  applies. 

Equations  (4)  and  (5)  imply  that  each  point  in  a  high-contrast  fringe  pattern  can 
be  associated  with  the  central  ray  of  the  imaging  pencil.  The  intensity  is  determined 
by  the  interferometric  phase  for  that  ray  as  given  by  Eq.  (3).  For  some  flow  features 
such  as  shock-wave  surfaces, 14#18‘19  Eq.  (5)  predicts  that  localization  will  occur 
nearby,  on,  or  within  the  flow  feature,  thereby  providing  three-dimensional  visualiza¬ 
tion  of  the  flow  feature. 

Double-exposure  techniques  for  performing  measurements  or  visualization  based  on 
Eqs.  (1)  to  (5)  are  reviewed  next. 


Double-Exposure  Techniques 

Ordinary  double-exposure  holographic  interferometry,  heterodyne  holographic  inter¬ 
ferometry,  and  quasi-heterodyne  holographic  interferometry  are  derivable  from  Eq.  (1) . 

In  all  cases,  individual  exposures  are  short  when  compared  with  the  time  variation  of 
Then  the  shutter  function  ia  represented  by  the  proportionality 

S(rH,t)«  6 ( t)  +  6 ( t-T)  (6) 

where  T  is  the  time  between  exposures,  and  the  reconstructed  ray  is  represented  by 
the  proportionality 

OR(rH,t)«O(rH#0)R*(rH,0)RR(rH,t)  +  O (rH,T) R* (rH,T) RR(rH, t)  (7) 

In  Eq.  (7) ,  the  phase  difference  between  exposures  (interference  phase)  is  given  by 

A*  «  ■—  G  J [p(rH,T)  -  p(r„,0)l  ds  (8) 

and  the  interference  pattern  is  of  course  proportional  to 

/0R(cH,t)/2 

For  a  faithful  reconstruction  of  the  geometry  of  a  light  ray,  the  reconstruction  wave 
has  the  form 

RR(rH,T)  -  .<  ( r  H ,  0 )  exp  C  j  (yQ  («^H)  +  wQt))  +  R(rfl,T)  exp  [j(yT(rH)  ♦  0)Tt)1  (9) 

where  the  y's  are  phase  shifts  and  the  w's  are  circular  light  frequencies.  That 
is,  the  reference  wave  at  each  of  the  two  exposures  is  matched  by  one  term  of  the  recon¬ 
struction  wave,  except  possibly  for  a  small  phase  shift  and  a  frequency  offset. 

For  ordinary  double-exposure  holography,  the  geometry  and  time- independent  phase 
of  the  reference  do  not  change  between  exposures  and  are  matched  during  reconstruction. 

R(rH,0)  -  R(rH,T) 

YO<*H>  *  YT<fH> 

*  w0 

The  interference  pattern  has  the  general  form 

1  *  X1  +  *2  cos  (A$)  (10) 

where  the  Interference  phase  is  given  by  Eq.  (8) . 

For  the  heterodyne  techniques,  the  reference  beams  are  geometrically  distinct  at 
the  two  exposures. 

Then,  for  heterodyne  holographic  interferometry, 


R(rH,0)  *  R (rH,T) 
Y0(tH>  ’  YTt'H) 
WQ  4  tD*r 
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and  tha  intarfarenca  pattern  assumes  the  time  varying  fora 

I  *  Ii  +  I2  cos [A*  ♦  (wp  “  u>o)tl  (H) 

Tha  interference  phase  can  be  measured  relative  to  a  reference  by  using  a  phase  sensi¬ 
tive  detector. 

For  quasi-heterodyne  holographic  interferometry, 

R{rH,0)  s  R(rH,T) 

Y0(rH>  *  YTfrH> 


U)0  »  u>t 

and  the  interference  pattern  has  the  form 


I  *  Ii  +  I2  cos[A$  ♦  yt^h)  "  Y0^rH^l 


(12) 


If  Ay(rn)  is  given  three  different  values,  typically  0,  120,  and  240°, 
is  measured  at  each  value,  then  the  interference  phase  is  given  by 


A$  ■  tan 


(I240  '  I120> 
(xl0  "  X120  ‘  I240) 


and  if  I 


(13) 


It  is  also  to  be  noted  that  the  choice  of  Ay(ru)  can  be  used  to  modify  or  control 
fringe  contrast  and  fringe  localization.  Equation  (5)  assumes  the  modified  form 


3(A*(rH)  +  Ay(rH))/3eix  -  0  ^ 

3[ AA(rg)  +  Ay ( r h)  1  /3 9iy  “  0 

In  this  paper,  the  modification  of  fringe  contrast  is  left  to  time-average  holo¬ 
graphy,  the  next  topic  for  review. 


Time-Average  Holography20 

For  time-average  holography,  the  reference  and  reconstruction  beams  are  geometri¬ 
cally  identical.  The  reference  wave  may  have  a  relative  time  dependencu.  For  an  expo¬ 
sure  time  T,  the  reconstructed  wave  from  Eq.  (1)  is  given  by  the  proportionality 

W”  {  0(rH't',/R(rH>/2  exp  l-3y(rH,f)]  dt’  (15) 


where  y(rH,t)  represents  the  relative  time  dependence  of  the  phase  of  the  reference 
wave.  In  terms  of  the  time  varying  phases  of  the  reference  and  object  waves,  the  recon¬ 
structed  wave  satisfies  the  proportionally 


y(rH,t'))l  at' 


(16) 


Time-average  analysis  is  easiest  when  the  time  and  position  dependences  of  the 
phases  can  be  separated.20  To  first  order  for  a  flow,  that  separation  assumes  the 
form 


A*(r„,t)  -  t*c(rH)  (17) 

If  the  time  dependence  of  the  reference  wave  la  chosen  to  have  the  same  form,  then 


y(rH,t!  -  tyr(rH> 

For  these  time  dependences,  Eq.  (16)  reduces  to 

Tsin  (  (*r(rH)  -  yt(rH))T/2) 
°R - [(»c(rH>  -  yr  (rHVIT/21  " 


(18) 


(19) 


A  brightest  fringe  will  occur  when  ,r  -  y,-  0,  where  yr(rg)  is  a  simple  shift  in 
the  circular  frequency  of  the  reference  wave.  Hence,  for  flow  visualisation,  the  highest 
contrast  can  be  chosen  for  the  flow-feature  of  Interest,  by  the  correct  choice  of  a 
frequency  offset  of  the  reference  wave. 


IMPLEMENTATION  OP  HETERODYNE  HOLOGRAPHIC  INTERFEROMETRY 
Objective  and  Requirements 

The  eventual  objective  is  to  perform  heterodyne  diffuse-illumination  holographic 
interferometry  in  a  nine-blade  transonic  flutter  cascade.  The  blades  in  this  machine 
are  vibrated  about  their  midchord  axes  to  simulate  aeroelastic  instability  or  flutter. 
The  density  field  is  time  dependent  as  a  result  of  this  motion.  Holographic  flow  visu¬ 
alization  has  been  performed  in  this  cascade,  end  its  performance  for  holography  has 
been  well  documented.1* 

The  flutter  cascade  is  a  fairly  difficult  test  rig  for  performing  holographic 
interferometry,  and  any  positive  results  would  be  encouraging.  Diffuse-illumination 
holographic  interferometry  is  performed  by  shining  a  laser  beam  through  a  window  in  the 
front  side-wall  of  the  cascade,  by  reflecting  it  from  the  diffusely  reflecting  back 
side-wall,  and  by  recording  the  reflected  light  after  it  has  passed  between  the  blades 
and  back  out  the  window.  Because  of  the  blades  and  other  restrictions  on  access,  there 
is  a  narrow  angle  for  shadow-free  illumination  of  the  interblade  passages.  It  is  dif¬ 
ficult  to  avoid  recording  holograms  of  the  reflections  from  the  window  and  blades. 

These  reflections  may  be  particularly  destructive  to  heterodyne  holography,  since  their 
spurious  signals  can  cause  systematic  phase  errors. 

Holographic  interferometry  in  wind  tunnels  such  as  the  flutter  cascade  requires  a 
double-pulse ,  Q-switched  laser.  The  laser  available  for  implementing  holography  in  the 
nine-blade  flutter  cascade  at  NASA  Lewis  is  a  frequency-doubled  Nd:YAG  laser,  which  is 
optimized  to  operate  at  20  double  exposureB/sec .  The  exposure  separation  can  be  varied 
from  about  3  to  100  us.  Other  suitable  lasers  would  be  the  ruby  laser  and  possibly 
the  alexandrite  laser. 

An  additional  requirement  of  the  heterodyne  techniques  is  the  ability  to  change 
reference  beams  between  exposures.  Ruby  lasers,  intended  for  combining  holographic 
interferometry  with  moire,  are  available  commercially  with  beam-direction  switching 
capability.  For  an  existing  laser  such  as  the  Nd:YAG  laser  in  the  flutter  cascade,  a 
beam  switch  can  be  constructed  from  a  Pockels  cell  and  a  polarization  sensitive  beam 
splitter.  A  half-wave  plate  is  used  after  the  beam  splitter  to  rotate  the  polarization 
of  one  of  the  two  beams  by  90°,  so  that  the  speckel  patterns  of  the  two  holograms  are 
correlated. 

A  requirement  for  successful  use  of  diffuse-illumination  heterodyne  holographic 
interferometry  is  to  be  aware  of  its  systematic  and  random  sources  of  error.  These 
errors  are  determined  by  alignment,  by  spurious  time-varying  fringe  patterns,  by  differ¬ 
ences  in  wavelength  between  the  lasers  used  for  recording  and  reconstruction,  and  by 
the  electronics  used  for  detection  and  measurement  of  the  time-varying  fringe  pattern. 
There  is  an  additional  requirement  for  a  good  reference  for  measuring  the  relative 
interferometric  phase  of  the  fringe  pattern.  The  random  and  systematic  sources  of  error 
are  reviewed  next.  These  errors  can  easily  reduce  the  accuracy  of  heterodyne  holo¬ 
graphic  interferometry  by  a  factor  of  2  to  10. 


ERRORS  IN  DIFFUSE-ILLUMINATION  HETERODYNE  INTERFEROMETRY 

Dandliker  and  his  colleagues  have  outlined  the  requirements  for  dual-reference 
beam,  diffuse-illumination  holographic  interferometry  in  several  publications.1"3 »Z1 
These  papers  cover  structural  analysis,  but  they  are  equally  applicable  to  fluid  density 
measurements.  The  most  important  points  based  on  our  experience  are  summarized  below. 
Good  discussions,  with  a  few  errors,  are  found  in  Dandliker *s  publications. 

There  are  two  distinct  reference  waves  and  Ro  and  two  distinct  object  waves 

0^  and  O2  corresponding  to  the  two  exposures  of  the  aouble-exposure  hologram.  During 
reconstruction,  the  frequency  of  Ri  is  shifter  relative  to  the  frequency  of  R2.  Even 
for  linear  recording,  there  is  a  multitude  of  time  varying  interference  patterns.  To 
avoid  detecting  interferences  due  to  the  zero-order  terms  of  the  hologram,  it  is  essen¬ 
tial  to  satisfy  the  of f-axis-reference-wave  criterion,  as  in  Fig.  2.  This  criterion 
must  be  satisfied  for  any  object  which  is  recorded,  and  every  practical  effort  should  be 
made  to  avoid  illuminating  extraneous  objects.  Even  then,  care  should  be  exercised  to 
assure  that  the  detectors  doe  not  see  reflected  zero-order  light.  Very  small  spurious 
signals  will  cause  significant  periodic  phase  errors. 

If  detection  of  the  zero-order  terms  is  avoided,  then  the  remaining  reconstructed 
waves  that  can  be  detected  are: 

R1R1*°1  •*PCj»it)  r2r2*°2  exP(jw2t) 

r1r2*°1  •*p(j«2*)  r1r2*°2  exp(juit) 

R1R2°2*  «xp(ju»xt)  RlRjOi*  exp(jw2t) 

The  waves  in  the  first  row  are  the  reconstructions  of  Interest,  and  do  not  overlap 
the  reconstructions  in  the  third  row,  if  the  reference  beams  originate  from  the  same 
side  of  the  diffuser.  Overlap  with  the  waves  in  the  second  row  is  avoided  by  choosing 
an  angle  between  the  reference  beams  greater  than  the  angular  diameter  of  the  diffuser 
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(Pig.  2),  where  the  diffuser  is  assumed  to  be  the  only  object  recorded.  However,  as 
discussed  later,  said  overlap  can  be  tolerated.  The  consequences  of  overlap  with  these 
cross  reconstructions  are  a  loss  of  accuracy,  but  an  increase  in  the  tolerance  to 
nisalignsient. 

If  the  tine-varying  interference  between  the  waves  in  the  first  row  is  the  only 
signal  detected,  then  that  signal  is  proportional  to 

2RetR1R1*R2R2*°l*°2  «xp(jwt)] 

where  w  ■  u>2  ~  If  A$  is  the  phase  difference  or  interference  phase  between  the 

two  object  waves,  then  the  signal  varies  as  cos(A$  +  cot). 

If  there  is  a  negligible  decorrelation  between  the  speckle  patterns  of  the  two 
exposures,  and  if  the  above  signal  can  be  reconstructed  exactly,  then  the  accuracy 
depends  only  on  the  electronics  for  measuring  the  interference  phase.  But  any  misalign¬ 
ment  of  the  hologram  relative  to  the  reference  beams,  any  change  in  the  wavelength  of 
the  laser  beam,  or  any  misalignment  of  the  reference  beams  themselves  introduces  both 
random  and  systematic  phase  errors.  The  nonlinear  nature  of  the  hologram  recording 
process  also  introduces  systematic  phase  errors. 

The  proper  geometry  for  imaging  the  fringe  pattern  is  shown  in  Fig.  3.  The  imagin¬ 
ing  lens  is  shown  placed  directly  against  the  hologram.  This  choice  of  the  lens  posi¬ 
tion  eliminates  systematic  errors,  assuming  no  overlap  of  the  cross  reconstructions  and 
neglecting  the  contributions  of  the  nonlinear  terms  in  the  hologram.  But  the  random 
phase  error  remains. 

If  the  alignment  of  the  reference  beams  for  reconstruction  is  perfect,  and  if  the 
fluid-induced  interexposure  decorrelation  of  diffuser  speckel  patterns  is  negligible, 
then  each  light  ray  can  be  treated  as  unchanged  between  the  two  exposures.  If  the 
reference  beams  are  misaligned  prior  to  reconstruction,  each  ray  from  the  reconstructed 
image  from  the  double-exposure  hologram  of  the  diffuser  is  split  into  a  diverging  pair 
of  rays  at  the  hologram  as  shown  in  Pig.  4.  This  divergence  results  in  a  lateral  shift 
of  the  two  reconstructions  of  the  diffuser  and  decorrelation  of  their  speckle  patterns. 
The  diverging  rays  also  produce  misalignment  fringes  on  the  hologram,  and  the  elimina¬ 
tion  of  these  fringes  can  be  used  for  realignment. 

If  the  angle  between  the  diverging  rays  is  «,  then  the  lateral  shift  of  the 
speckle  patterns  in  the  image  plane  of  the  lens  in  the  paraxial  approximation  is  given 
by 


u  -  «d  (20) 

where  d  is  the  distance  of  the  image  of  the  fringe  pattern.  If  the  diameter  of  the 
lens  used  to  image  the  fringe  pattern  is  D,  then  the  fringe  contrast  is  multiplied  by 
a  factor 


2J^ [naD/Xl  2J1(<i»Du/(Xd)] 
iraD/X -  “  wffu7TT20 - 


The  number  of  misalignment  fringes  within  the  aperture  of  the  lens  is  given  by 

n  -  aD/X  (22) 


A  more  serious  effect  of  decorrelation  is  a  random  phase  error  given  by  the  expression 


2Y2(N 


+  i) 


1/2 


(23) 


where  N  is  the  number  of  speckles  within  the  aperture  of  the  detector  used  to  make 
the  phase  measurment.  For  perfect  alignment  (y  *  1) ,  there  is  no  phase  error.  But, 
a  small  amount  of  speckle  pattern  decorrelation  requires  a  large  number  of  speckles  and 
a  correspondingly  large  detector  to  compensate. 


The  above  error  is  reduced  by  minimizing  the  number  of  misalignment  fringes  in  the 
lens  aperture  or  by  minimizing  the  frequency  of  those  fringes.  The  spatial  frequencies 
of  the  misalignment  fringes  at  the  hologram  are  given  by 

fx  -  (1/2*)]  Uk2x  -  Aklxl  (24) 

fy  -  (1/271)  f &k2y  -  Akly1  (25) 

where  the  reference  beams  are  misaligned  by  Ak^  and  Ak2»  respectively.  Misalignment 
occurs  because  of  a  difference  in  wavelength  between  the  recording  and  reconstruction 
beams,  because  of  a  change  in  the  included  angle  between  the  reference  sources,  and 
because  of  rotation  of  the  hologram  about  its  xr»  y^,  and  Zf]  axes. 
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If  the  reference  sources  are  in  the  xh#  z h  Plane,  if  the  reference  beams  are 
approximately  collimated,  and  if  the  hologram  is  in  the  xH,  yH  plane,  the  various 
sources  of  misalignment  result  in  the  following  fringe  frequencies: 

change  AX  in  wavelength 

fy  -  0  fx  -  (AX/X2)  [cos  0xi  -  cos  0X2J  (26) 

Symmetrical  change  A0  in  included  angle 

fy  -  °  fx  -  (48/X)  sin  j^—  J--X2  j  cos  pxl—  9x2  j  (27) 

rotation  Aa  about  the  x-axis 

fy  -  (1/X) [ cos  0Z2  -  cos  02il  Aa  fx  *  0  (28) 

rotation  Afl  about  the  y-axis 

fy  -  0  fx  *  (1/X) [cos  02l  -  cos  eZ2l  AO  (29) 

rotation  Ay  about  the  z-axis 

fy  -  (1/X) [cos  0xi  -  cos  0x21  Ay  fx  -  0  (30) 

where  cos  0xi,2»  cos  ®yl,2*  cos  0zl,2  are  direction  cosines  of  the  reconstruction  rays 
relative  to  tne  holograA  coordinate  axes. 

A  change  in  wavelength  can  be  compensated  by  a  change  in  included  angle  or  by  rota* 
tion  about  the  y-axis. 

If  there  is  a  large  angle  between  the  two  reference  beams,  the  required  alignment 
accuracy  is  high.  The  best  results  are  achieved  when  the  included  angle  is  large  enough 
to  prevent  overlap  with  the  cross  reconstructions.  But  the  required  alignment  accuracy 
may  be  impractical  for  transferring  the  hologram  from  a  test  cell  to  a  readout  station. 

The  sensitivity  to  misalignment  can  be  reduced  substantially  for  Eqs.  (26)  and 
(28)  to  (30)  by  choosing  a  very  small  angle  between  the  reference  beams.  For  a  small 
enough  angle,  the  interference  between  the  reference  beams  can  be  viewed  and  used  to 
set  the  included  angle  precisely.  The  sensitivity  to  misalignment  is  reduced  enough 
that  film  can  be  used  rather  than  glass  plates  to  record  the  hologram. 

The  costs  of  overlapping  the  cross  reconstructions  with  the  reconstructions  of 
interest  are  increased  systematic  and  random  errors.  To  avoid  a  periodic  systemmatic 
error,  pairs  such  as 

r1*r2°1  exPljw2t1  and  R1*R1°1  expfju^tj 

must  be  decorrelated.  The  magnitude  of  decorrelation  is  determined  by  Eq.  (21)  ,  where 
a  is  now  the  angle  between  the  two  reference  beams,  and  aD/X  is  the  number  of 
reference-beam  fringes  in  the  lens  aperture.  It  is  desirable  to  have  the  voltage 
produced  by  any  signal  at  the  heterodyne  frequency  at  least  20  dB  less  than  that  con¬ 
tributed  by  the  direct  interference  of  Oi  and  02 . 

Even  if  the  above  decorrelation  is  adequate,  the  overlapping  speckel  patterns 
contribute  an  additional  random  phase  error  given  by 

.  r  5  1  1/2 

“  [yrr+uj  <31) 

where  N  is  the  number  of  speckles  in  the  detector  aperture.  More  than  10*  speckles 
are  required  for  a  phase  error  less  than  1°.  Also,  the  overlapping  reconstructions 
reduce  the  fringe  contrast. 

Another  possible  source  of  error,  discussed  thoroughly  by  Dandliker,^  is  the 
nonlinear  response  of  the  hologram  recording  medium.  The  periodic  error  produced  by 
this  effect  is  minimized  by  controlling  the  parameters  that  affect  linearity  (beam 
ratio,  exposure,  processing)  and  by  eliminating  from  the  hologram  all  object  waves  that 
do  not  originate  from  the  changing  part  of  the  object. 

The  implementation  of  time-average  holography  for  flow  visualization  involves 
fewer  considerations  as  discussed  in  the  next  section. 


i 
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IMPLEMENTATION  OF  TIME-AVERAGE  HOLOGRAPHY  FOR  FLOW  VISUALIZATION 

Objective 

The  main  objective  is  to  use  time-avecagp  holography  to  improve  the  three- 
dimensional  f iow-visualization  effect  associated  with  fringe  localization.  A  second 
objective  is  to  increase  the  quantitative  capabilities  of  flow  visualization  based  on 
diffuse-illumination  holographic  interferometry  over  those  available  from  the  double¬ 
exposure  method. 

One  goal  eventually  is  to  evaluate  time-average  holography  in  the  nine-blade  flut¬ 
ter  cascade  mentioned  previously.  The  double  exposure  holograms  recorded  of  the  flows 
in  that  cascade  show  so  many  flow  features  that  it  is  at  times  difficult  to  isolate 
them.  It  is  expected  that  time-average  holography  with  frequency  modulation  of  the 
reference-beam  will  allow  the  fringe  contrast  of  a  flow-feature  of  interest  to  be 
enhanced  relative  to  that  of  other  flow  features. 


PROPERTIES  AND  REQUIREMENTS 

Time-average,  diffuse-illumination,  holographic  interferometry  for  flow  visualiza¬ 
tion  does  not  differ  sionif icantly  from  time-average  holography  for  the  visualization 
of  vibrational  modes. 5,15  Furthermore,  the  flow-visualization  effect  depends  on  fringe 
localization,  just  as  it  does  for  double-exposure,  dif fuse- illuminat ion ,  holographic 
interferometry. 

When  the  time  and  spatial  dependences  of  the  variation  of  phase  can  be  separated  as 
in  Eq.  (17),  the  fringe  contrast  and  fringe  localization  depend  on  the  spatial  part 
$r Uh) •  If  the  reference  beam  is  modulated  as  given  by  Eq.  (18),  then  localization  is 
given  by  Eqs.  (14)  and  (15),  with  $r  and  yr  substituted  for  A$  and  Ay,  respec¬ 
tively.  The  fringe  contrast  is  determined  by  the  so-called  characteristic  function, 
which  for  separable  flows  is  proportational  to  Eq.  (19).  For  comparison,  the  character¬ 
istic  function  for  vibrational  analysis  is  proportational  to  the  familiar  zero-order 
Bessel  function  of  the  first  kind. 

For  Yr  “  0  characteristic  function  and  fringe  contrast  depend  on  $rT/2.  For 
example,  for  a  two-dimensional  flow  field,  which  varies  with  x,y  in  a  test  section  of 
length  L  along  the  z-axis,  the  argument  of  the  characteristic  function  is  given  by 

»rT/2  -  1  GLT  §|  (x,y,t)  (32) 


for  rays  parallel  to  the  z-axis. 

As  stated,  the  potential  advantage  of  time-average  holography  over  double-exposure 
holography  is  the  ability  to  use  frequency  shifts  of  the  reference  beamB  to  transfer 
the  highest  contrast  (brightest)  fringe  to  the  flow  feature  of  Interest.  For  Eq.  (32), 
the  required  circular  frequency  shift  for  such  a  transfer  is  given  by. 

"  *  Yr  "  ^1  GL  ft  <*'*'*>  03) 

A  map  of  the  required  oi  versus  position  is  of  course  a  map  of  3p  (x,y,t) /3t . 

The  only  other  significant  point  to  note  in  implementing  time-average  holography  is 
that  its  sensitivity,  in  a  certain  sense,  is  one  half  that  of  double-exposure  holo¬ 
graphy.  For  double-exposure  holography  and  the  two-dimensional  flow  of  Eqs.  (32)  and 
(33),  the  first  fringe  minimum  (dark  fringe)  occurs  for 

—■  GLT  §£  -  ir  (34) 

whereas  the  first  fringe  minimum  in  time-average  holography  requires  that  Eq.  (34) 
equal  2x. 

The  major  difficulty  in  implementing  time-average  holography  for  Internal  transonic 
flow  visualization  is  to  acquire  a  suitable  laser  system.  Double-exposure  holography  in 
the  above-mentioned  transonic  flutter  cascade  has  required  exposure  separations  ranging 
from  IS  to  100  us.  Time-average  exposures  ranging  from  30  to  200  us  would  be  required 
for  the  same  sensitivity,  assuming  no  frequency  shift  of  the  reference  beam. 

The  long-pulse,  flashlamp-puraped ,  dye  laser  seems  to  be  the  best  choice.  This 
laser  produces  smooth  pulses  having  good  beam  quality  and  adequate  energy  in  the 
requited  pulse-length  range.  The  major  remaining  problem  is  to  achieve  a  narrow  enough 
spectroscopic  line-width  for  adequate  temporal  coherence  and  convenient  holography. 

The  actual  execution  of  the  beam  modulation  techniques  involves  a  number  of  exper¬ 
imental  steps,  test,  evaluations,  and  preliminary  results.  These  are  discussed  in  the 
next  sections. 
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EXPERIMENTAL  AND  DEVELOPMENTAL  RESULTS 
Expectations  and  Approach 

Dandliker  has  claimed  accuracies  for  diffuse-illumination  heterodyne  interferometry 
of  1/1000  fringe,  which  corresponds  to  a  phase-measurement  accuracy  of  better  than  0.4°. 
With  great  care,  this  accuracy  can  be  achieved  in  a  laboratory.  Light  must  be  detected 
from  the  primary  reconstructions  0^  and  O2  only.  The  images  must  be  bright,  the 
fringe  contrast  high,  and  the  alignment  for  reconstruction  very  good.  The  effects  of 
path  fluctuations  between  the  reference  beams  must  be  minimized,  so  the  reference  signal 
is  derived  from  the  fringe  pattern  itself. 

A  more  realistic  expectation  is  1/300  fringe,  particularly  if  overlapping  cross 
reconstructions  are  to  be  tolerated  for  ease  of  alignment  and  reduced  alignment 
sensitivity. 

If  the  reconstructed  images  are  not  bright,  if  alignment  and  fringe  contrast  are 
poor,  or  if  there  are  extraneous  signals  at  the  frequency  offset,  then  the  accuracy  can 
easily  drop  to  1/100  fringe. 

Because  of  the  multiple  random  and  systematic  errors  that  affect  accuracy,  our 
approach  is  to  evaluate  a  heterodyne  holography  setup  in  the  test  cell,  but  with  a  flow 
field  or  phase  object  that  is  both  known  and  repeatable.  We  use  a  so-called  gas-flow 
simulator . 22 


Flow  Simulator 

The  flow  simulator  is  a  large  crystal  of  KD*P,  The  crystal.  Fig.  5,  has  50  by 
50  mm  faces,  which  are  perpendicular  to  the  optic  axis  and  are  separated  by  30  mm. 
Electrodes,  10  mm  wide  and  50  mm  long,  are  attached  to  the  50  by  50  mm  faces  at  4  par¬ 
allel  edges.  The  actual  crystal  is  held  in  a  mount,  where  it  is  submerged  in  Pockels 
cell  fluid.  The  two  parallel  30  by  50  mm  faces  are  accessible  through  windows  for 
allowing  light  to  pass  through  the  crystal.  Light  polarized  perpendicular  to  the  optic 
axis  experiences  refractive  index  changes  when  voltages  are  applied  to  the  electrodes. 
The  double-exposure  holograms  compare  voltage  and  no-voltage  conditions. 

Figure  6  shows  the  infinite-fringe  patterns  which  result  when  voltage  is  applied 
to  electrodes  2  and  4  with  electrodes  1  and  3  grounded.  The  fringe  pattern  is  quite 
sparse,  and  its  accurate  measurement  is  a  good  test  of  the  fringe  interpolation  capabil¬ 
ity  of  heterodyne  interferometry.  The  laser  illumination  has  passed  through  a  diffuser 
before  entering  the  flow  simulator. 

The  flow  simulator  has  been  used  by  Decker  and  Strieker  to  compare  heterodyne  holo¬ 
graphic  interferometry  with  conventional  finite-fringe  holographic  interferometry  and 
with  heterodyne  moire  deflectometry.4  Data  from  the  report  is  shown  in  Fig.  7, 
together  with  predicted  error  ranges  corresponding  to  various  random  fringe-measurement 
errors.  The  ordinate  of  Fig.  7  is  the  numerically  evaluated  first  derivative  of  the 
interference  phase,  converted  to  a  refractive  index  derivative  by  assuminq  a  two- 
dimensional  refractive-index  field,  it  is  appropriate  to  display  the  derivative  of  the 
measurements,  since  derivatives  and  differences  of  the  interference  phase  are  required 
for  three-dimensional  flow  analysis.  The  graph  represents  a  horizontal  scan  midway 
between  the  50  by  50  mm  faces.  The  derivatives  are  determined  with  central  differences 
with  data  points  separated  by  1  mm,  and  with  a  2  mm  optical  gauge  length.  That  is 

a*  •  =  flilaZi-l  (35) 


where  g  =  2ram. 

The  optical  setup  used  to  record,  reconstruct,  and  read  out  the  hologram  is  shown 
schematically  in  Fig.  8.  Except  to  remove  the  hologram  and  process  it,  the  setup  was 
not  disturbed.  The  514.5  nm  line  of  the  argon-ion  laser  was  used  for  recording  and  for 
reconstruction.  The  frequency  offset  was  produced  with  an  acoustooptic  frequency 
shifter.  The  time-varying  fringe  pattern  was  detected  using  two  0.75  mm  diameter 
optical  fibers  routed  to  photomultipler  tubes.  The  phase  was  measured  using  a  dual¬ 
phase  lock-in  amplifier,  with  the  amplified  output  of  one  photomultipler  used  as  a 
reference.  The  other  fiber  was  translated,  and  its  position  m>asured  using  a  laser 
interferometer.  The  lens  diameter  D  was  5.1  cm,  and  the  fringe  pattern  was  imaged  at 
a  distance  d  of  48.3  cm. 

The  predicted  error  ranges,  shown  superimposed  on  Fig.  7  are  of  interest  in  the 
next  section  of  this  report.  The  ranges  show  the  predicted  scatter  of  the  data,  should 
various  random  fringe-measurement  errors  occur.  Each  range  is  associated  with  plus  or 
minus  a  particular  value  of  the  fringe  interpolat ion  accuracy,  and  it  is  seen  that  the 
scatter  is  50  percent  of  the  general  level  of  the  gradient  of  the  refractive  index  at 
1/100  fringe. 
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As  summarized  next,  the  flow  simulator  was  used  to  investigate  possible  reference- 
beam  geometries  for  heterodyne  holographic  interferometry  in  the  flutter  cascade. 

Reference-Beam  Geometry  for  a  Flutter  Cascade 

The  reference-beam  optics  were  placed  together  with  the  flow  simulator  on  a  vibra¬ 
tion  isolation  table.  The  optics  consisted  of  a  polarization  sensitive  beam  splitter, 
a  half-wave  plate  in  one  beam,  an  acoustooptic  frequency  shifter  in  the  other  beam, 
various  alignment  pinholes  and  spatial  filter  assemblies,  and  a  glass-plate  holder  with 
precision  x,y  and  y-axis  rotation  adjustments. 

The  more  desirable  wide-angle  separation  between  reference  beams  was  tested  first, 
where  the  mutual  angle  was  about  7°,  and  the  mean  angle  was  about  45°.  The  holograms 
were  all  recorded  at  the  same  flow-simulator  settings:  5  kV  on  electrodes  2  and  4  with 
electrodes  1  and  3  grounded.  The  holograms  were  recorded  at  496.5  nm  and  reconstructed 
at  514.5  nm,  a  difference  of  18.0  nm.  Unless  an  argon-ion  pumped  dye  laser  is  used  for 
readout  of  the  holograms  recorded  with  the  Nd:YAG  laser,  those  holograms  will  be 
recorded  at  532  nm  and  reconstructed  at  514.5  nm,  a  difference  of  17.5  nm. 

The  reference  beams  were  collimated  to  maintain  a  constant  angle  across  the  holo¬ 
gram.  The  change  in  wavelength  was  compensated  for  by  rotating  the  hologram  about  the 
y  (vertical)  axis  (see  Eqs.  (26)  and  (29)).  This  rotation  and  the  xy  adjustments 
were  used  to  eliminate  the  misalignment  fringes  and  to  maximize  the  fringe  contrast. 

The  fringe  pattern  was  formed  at  a  distance  of  48  cm  from  a  2  cm  diameter  lens,  placed 
in  contact  with  the  hologram.  The  electronic  reference  was  derived  from  the  fringe 
pattern  itself. 

The  change  in  wavelength  from  recording  to  reconstruction  resulted  in  a  small  but 
noticeable  difference.  The  tolerance  of  this  setup  to  misalignment  followed  by  realign¬ 
ment  was  also  tested. 

A  general  conclusion  is  that  the  wide-angle  geometry  is  feasible,  but  probably 
practical  only  if  the  holograms  are  recorded  and  reconstructed  in  the  test  cell. 

Another  possibility  is  to  design  and  construct  identical  hardware  for  the  test  cell  and 
the  readout  station,  or  to  construct  a  portable  reference-beam,  glass-plate  magazine  to 
be  transported  back  and  forth.  Attempts  to  use  the  wide-angle  geometry  with  film  were 
not  successful. 

The  small-angle  geometry  with  overlapping  reconstructions  was  tested  next.  The 
same  beam  switch  was  used  as  before,  but  the  reference  beams  were  made  nearly  coaxial 
after  passing  through  the  half-wave  plate  and  frequency  shifter,  respectively.  The 
beams  were  then  diverged  through  a  single  microscope  objective.  The  mutual  angle  was 
set  by  measuring  the  separation  of  the  fringes  produced  by  the  interference  of  the  two 
reference  beams.  Holograms  were  recorded  for  various  mutual  angles  varying  from  25  to 
250  grad.  The  only  other  change  in  technique  was  to  derive  the  electronic  reference 
from  the  interference  pattern  formed  between  the  two  reference  beams;  the  overlapping 
cross-reconstructions  reduce  the  contrast  of  the  measured  fringe  pattern  and  the  quality 
of  the  electronic  reference  derived  from  it. 

Vivid  examples  of  the  random  and  systematic  phase  errors  discussed  above  were  easy 
to  generate  with  this  geometry,  although  the  errors  were  never  worse  than  1/100  fringe. 
Results  of  1/300  fringe  or  better  required  the  cross-reconstruction  decorrelation 
associated  with  at  least  10  reference-beam  fringes  in  the  lens  aperture.  The  full  5  cm 
diameter  of  the  imaging  lens  was  used  to  minimize  the  random  phase  error  of  Eq.  (31) . 
Holograms  were  recorded  at  514.5  nm  and  reconstructed  at  both  488  nm  and  514.5  nm,  a 
difference  of  26.5  nm.  Fortunately,  only  minor  alignment  was  required,  even  after  the 
wavelength  change:  the  reference-beam  fringes  made  it  difficult  to  observe  misalign¬ 
ment  fringes. 

For  comparison  with  Fig.  7,  Fig.  9  presents  measurements  made  at  488  nm.  The 
included  angle  was  100  prad.  Figure  10  presents  data  measured  at  514.5  nm  for  an 
included  angle  of  250  yrad.  The  lens  was  close  to,  but  not  ir.  contact  with,  the 
hologram  when  these  measurements  were  made. 

Film  was  also  used  successfully  at  the  small  mutual  angles,  although  the  best 
accuracy  was  only  1/150  fringe.  The  emulsions  used,  however,  were  not  the  optimum 
emulsions  for  the  argon-ion  laser  or  for  the  large  average  reference-beam  angle.  Film 
offers  the  possibility  of  higher  hologram  recording  rates  or  fast  processing  in  the 
test  cell. 

The  narrow-angle  geometry  proved  fairly  easy  to  use  and  will  be  selected  at  least 
for  the  initial  work  in  the  flutter  cascade.  The  flow  simulator  will  be  built  into  the 
measurement  system,  so  that  the  performance  of  the  system  can  be  tested  and  checked 
periodically. 


The  status  of  the  time-average-holography  project  is  summarized  next 
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LASER  SYSTEM  FOR  TIME -AVERAGE  HOLOGRAPHY 

Figure  11  shows  the  fringe  pattern  associated  with  a  time-average  hologram  of  a 
flame  induced  flow  over  a  blade.  The  hologram  was  recorded  with  an  argon-ion  laser. 

The  exposure  times  required  for  such  holograms  are  10’s  to  100*s  of  milliseconds.  The 
internal  flows  in  a  flutter  cascade  by  contrast  change  significantly  in  10 's  of 
microseconds. 

The  specification  of  a  suitable  laser  for  transonic  flow  visualization  in  the 
presence  of  windows  using  a  reflective  diffuser  has  been  discussed  in  another  paper.14 
There  is  no  off-the-shelf  laser  available  for  time-average  holography  in  such  an  envi¬ 
ronment,  The  general  specifications  for  such  a  laser  are  easy  enough  to  state.  There 
should  be  at  least  50  mJ  of  polarized  light  per  pulse  with  a  spectroscopic  full  line- 
width  at  half  maximum  power  around  0.03  cm"1.  To  mak®  good  use  of  higher  energies, 
narrower  linewidths  are  required.  The  pulses  should  be  smooth  and  repeatable  from  shot 
to  shot.  Pulse  repetition  rates  at  motion-picture  frequencies  are  desirable  to  increase 
data  rates.  As  explained  previously,  pulse  lengths  up  to  200  us  can  be  used.  The  beam 
should  have  a  smooth  profile  and  a  small  enough  diameter  and  divergence  angle  to  be  con¬ 
trolled  conveniently.  A  wavelength  that  can  make  use  of  the  most  sensitive  photo¬ 
graphic  emulsions  is  desirable  (610  nm  to  650  nm  for  the  KODAK  SO  253  emulsion) . 

Commercially  available  f lashlamp-pumped  dye  lasers  are  available  with  pulse  widths 
out  to  400  us*  But,  the  simultaneous  narrowing  of  linewidth,  maintenance  of  pulse 
width,  and  control  of  beam  profile  have  proven  difficult.  Still,  a  laser  with  adequate 
properties  appears  to  have  been  constructed  and  will  be  tested. 

The  test  of  the  performance  of  such  a  laser  is  not  difficult.  For  example,  if  the 
laser  produces  pulses  having  a  full  length  at  half  maximum  power  of  50  ys,  then  a  holo¬ 
gram  can  be  recorded  of  a  structure  vibrating  in  a  20  kHz  resonant  mode.  The  results 
can  be  compared  with  those  recorded  with  an  argon-ion  or  helium-neon  laser.  The  line- 
width  can  be  measured  using  an  interferometer,  or  better  yet  by  recording  a  hologram  of 
a  scene  with  a  large  scene  depth. 


CONCLUDING  REMARKS 

It  should  be  convenient  to  use  heterodyne  holographic  interferometry  to  measure 
the  relative  flow-density  field  or  properties  related  to  it,  if  the  mutual  angle  between 
reference  beams  is  small.  At  least  10  reference-beam  fringes  are  required  in  the  aper¬ 
ture  of  the  imaging  lens  and  more  than  104  speckles  are  required  in  the  detector  aper¬ 
ture.  The  flow  simulator  can  be  used  to  determine  the  error  level  of  the  measurement 
and  to  assure  that  systematic  errors  do  not  lead  to  erroneous  conclusions  concerning 
complex  flows.  It  is  realistic  to  expect  an  accuracy  of  about  1/300  fringe.  Higher 
accuracies  are  possible  with  a  large  mutual  angle,  but  on-site  recording,  processing, 
and  readout  probably  are  required.  Spurious  reflections  from  windows  or  blades  may 
have  a  larger  effect  on  accuracy  than  some  of  the  error  sources  discussed  in  this 
report.  It  is  possible  to  use  film  when  the  angle  between  reference  beams  is  small. 

Heterodyne  holographic  interferometry  is  excellent  for  automated  fringe  measure¬ 
ments.  An  automated  fringe  measurement  laboratory  is  being  constructed  at  NASA  Lewis 
for  structural  analysis,  and  will  also  be  used  for  flow  analysis.  * 

It  is  expected  that  the  f lashlamp-pumped  dye  laser  for  time-average  holography  will 
be  available  for  evaluation  very  soon. 
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Figure  7.  -  X-derlvative  of  refractive  index  of  flow  simulator, 
together  with  expected  scatter  from  various  random  fringe- 
measurement  errors. 
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figure  6i  -  Infinite  fringe  patter  ns -Pockels  flow  simulator. 


(a)  Schematic. 

Figure  8.  *  Electronic  heterodyne  holographic  interferometer. 


DISCUSSION 


P.Bryanston-Cross,  UK 

( 1 )  What  length  of  time  is  required  to  form  a  “time-average”  hologram? 

(2)  In  the  frequency  shifting  approach,  does  the  reconstruction  lens  quality  provide  any  limitation  to  the  fringe 
resolution  found? 

Author’s  Reply 

The  pulse  length  is  about  twice  that  required  for  the  equivalent  double-exposure  hologram.  For  our  transonic  work, 
pulse  separations  in  double-exposure  holography  have  ranged  from  5  to  100  psec.  Hence  pulse  lengths  for  time-average 
holography  should  range  from  10  to  200  psec.  The  flashlamp  pumped  dye  laser  is  being  tested  at  50  psec. 

The  two  fundamental  limitations  on  precision  and  sensitivity  are  speckle-pattern  decorrelation  and  the  non  linear 
response  of  the  silver  halide  emulsion  used  to  record  the  hologram.  These  will  always  be  present.  It  also  should  be 
pointed  out  that  off-the-shelf  phase  meters  are  not  reliable  to  better  than  1/100  fringe.  Some  should  be  believed  to  no 
better  than  1/360  fringe.  The  lens  quality  should  have  some  effects,  but  I  would  be  surprised  to  find  that  its  effect  is  a 
major  limitation. 
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PARTICLE  IMAGING  VELOCIMETRY  IN  A  LOW  TURBULENT  WINDTUNNEL 
AND  OTHER  FLOW  FACILITIES 
by  J.  Kompenhans  and  J.  Reichmuth 
Deutsche  Forschungs-  und  Versuchsanstalt  fur  Luft-  und  Raumfahrt 
Bunsenstrasse  10,  D-3400  Gottingen,  Germany 


Particle  imaging  velocimetry  (PIV)  is  a  new  technique  to  measure  flow  velocity 
and  flow  direction  at  one  instant  in  time  within  a  large  area  of  the  flow 
field.  For  that  purpose  PIV*«tfllsee  the  light  scattered  by  small  particles 
in  the  flow,  which  are  illuminated  by  two  short  laser  pulses.  This  paper 
intended  to  report  on  the  experience  we  gained  with  this  method.  In  a  first 
part  our  special  PIV  system, will  bp  described,  thereby  explaining  the  princi¬ 
ple  of  PIV.  The  requirements  which  have  to  be  fulfilled  when  applying  PIV  in 
windtunnels  will  be  kept  in  mind,  as  well.  ''■Young's  fringes  method  to  evaluate 
the  velocity  data  is  discussed.  Examples  of  our  first  experimental  results  are 


INTRODUCTION 


Due  to  the  progress  in  modern  optical  methods  and  the  development  of  advanced 
image  processing  systems  it  is  now  possible  to  obtain  quantitative  data  on  a 
flow  field  with  reasonable  effort  by  means  of  visualization  techniques. 

Thus,  in  aerodynamics  the  interest  in  optical  methods  -  even  in  those  whose 
basic  ideas  have  been  known  for  a  long  time  -  has  been  renewed  because  of  their 
main  advantages:  non-intrusi veneas,  very  fast  data  acquisition  and  an 
instantaneous  survey  of  the  flow  field. 

One  of  these  methods  is  ’laser  particle  imaging  velocimetry'  (PIV),  or  as  it 
is  sometimes  called  '(double)  pulsed  laser  velocimetry*  or  -somewhat  incor¬ 
rectly-  'laser  speckle  velocimetry*.  PIV  has  been  developed  in  the  last  five 
years  by  several  investigators  ([1-3],  summary  and  references  cited  in  [41) 
in  different  laboratories  to  a  stage  where  one  can  think  of  its  application 
to  flow  fields  in  windtunnels. 

To  illustrate  the  principle  of  PIV  it  can  be  best  compared  with  the  classical 
method  of  flow  visualization  by  means  of  tracer  particles  [5].  The  flow  field, 
seeded  with  particles,  is  two  or  more  times  exposed  to  a  light  pulse.  At  PIV 
a  cylindrical  lens  is  used  to  illuminate  only  a  thin  sheet  of  the  flow  field 
(see  Fig.  1).  The  light  scattered  by  the  particles  is  imaged  on  a  photographic 
plate.  In  a  later  evaluation  process  the  local  flow  velocity  vector  (2-di- 
mensional)  at  different  positions  within  the  flow  field  can  be  calculated  fron 
the  distance  between  the  particle  images  due  to  the  first  and  second  light 
pulse  and  the  time  difference  between  the  two  light  pulses.  The  advantage  of 
PIV  over  classical  methods  -  as,  for  example,  image  streaks  of  particles  -  is, 
that  coherent  optics  provides  methods  which  allow  fast  evaluation  of  the  flow 
velocity  at  a  great  number  of  points  in  the  flow. 

The  aim  of  our  research  project  is  to  find  out  whether  PIV  could  be  a  useful 
tool  for  the  investigation  of  flow  fields  in  our  windtunnels.  In  the  last 
months  we  carried  out  a  feasibility  study,  designed  an  optical  system  for 
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imaging  and  evaluation  -  thereby  taking  into  account  the  knowledge  already 
published  in  literature  -  developed  image  processing  software,  and  performed 
some  experiments  in  test  flows. 


EXPERIMENTAL  SET-UP  FOR  PARTICLE  IMAGING  VELOCIMETRY 


Light  source 

As  already  explained,  a  thin  sheet  of  the  flow  field  is  illuminated  by  a  light 
pulse.  The  use  of  coherent  light  is  not  necessary  [3),  but  for  convenience 
lasers  are  mostly  used  as  light  sources.  The  following  requirements  have  to 
be  fulfilled: 

(i)  The  laser  has  to  be  able  to  produce  two  or  more  short  light  pulses 
within  a  selectable  time  interval. 

(ii)  The  energy  of  the  pulsed  laser  light,  scattered  by  the  particles  and 
collected  and  focused  by  the  camera  lens,  must  exceed  the  level  necessary 
to  expose  the  photographic  material. 

(iii)  The  wavelength  should  be  in  the  visible  range  because  of  safety  and 
alignment  purposes. 

(iv)  The  laser  should  be  continuous  or  nearly  continuous  to  be  able  to 
align  the  transmitting  optics  within  reasonable  time. 

Most  researchers  use  giant  pulse  ruby  lasers  which  fulfil  condition  (ii). 
Sometimes  a  continuous  Argon  ion  laser  is  used  (iii),  the  output  of  which  is 
modulated  to  obtain  light  pulses.  In  a  feasibility  study,  carried  out  in  our 
low  turbulence  windtunnel,  the  performance  of  two  lasers  was  compared: 

(i)  A  giant  pulse  ruby  laser  (5  Joule/pulse)  with  a  wavelength  of 
X  =  694  nm  (in  cooperation  with  Prof.  Hinsch  of  University  of  Oldenburg). 

(ii)  A  70  mJoule,  frequency  doubled  Nd : YAG  laser (  X  =  532  nm) . 

The  comparison  showed  that  -  under  the  same  experimental  conditions  -  the 
energy  of  both  lasers  was  sufficient  for  photographic  recording  due  to  the  fact 
that  different  photographic  materials  with  different  sensitivity  at  different 
wavelengths  are  available.  A  comparison  of  those  photographic  materials 
mostly  used  in  PIV  is  given  in  [2J. 

However,  much  more  time  and  skill  of  the  experimentator  was  necessary  to  align 
the  optics  if  a  ruby  laser  (typ.  one  pulse  per  minute,  red  light)  was  used. 
Position  of  the  focus  and  of  the  light  sheet  could  only  be  obtained  using  burn 
paper,  which  was  a  time  consuming  exercise. 

On  the  other  hand,  the  Nd:YAG  laser  with  a  repetition  rate  of  10  Hz  allowed 
very  efficient  alignment  of  the  optics.  The  green  light  is  best  suited  for 
visual  inspection  of  the  light  sheet  by  the  experimentator. 

But  one  drawback  of  a  Nd:YAG  system  had  still  to  be  overcome.  Usually,  a  double 
pulse  is  produced  by  two  times  switching  the  Pockels  cell,  located  in  the 
resonator,  during  the  short  time  interval  when  the  energy  is  pumped  into  the 
laser  rod  by  the  light  of  the  flashlamp.  With  a  Nd : YAG  system  the  maximum  time 
difference  achievable  is  only  about  150  -  200  ysec.  In  cooperation  with  the 
German  representative  of  JK  Lasers  we  decided  to  have  a  two  oscillator  system. 
Both  oscillators  can  be  triggered  independently.  Thus,  it  is  now  possible  to 


35-3 


have  a  time  interval  between  the  two  laser  pulses  in  the  range  of  3  Msec  to 
10  ms.  The  output  energy  of  both  pulses  is  excellently  controllable  and  sta¬ 
ble.  The  final  set-up  of  our  laser  system  (JK  model  HY  200  Special)  is  shown 
in  Fig.  2.  The  light  of  the  two  Nd : YAG  oscillators  (X  =  1064  nm),  differently 
polarized  at  an  angle  of  90#,  is  combined  by  means  of  different  polarizing 
prisma.  The  light  passes  through  a  rotator  plate  to  give  the  Bame  linear 
polarization  for  both  pulses.  Afterwards  the  frequency  of  the  light  is  doubled 
(X  =  532  nm).  Components  at  1064  nm  are  blocked  off  in  a  wavelength  separator. 

The  length  of  an  individual  laser  pulse  is  16  nsec.  The  output  of  the  system 
is  2  «  70  mJ;  an  additional  laser  amplifier  may  be  included  later  on.  The 
repetition  rate  of  double  pulses  is  10  Hz;  it  may  be  increased  up  to  50  Hz. 
In  our  first  experiments  the  single  shot  option  was  used. 

Transmitting  optics 

The  transmitting  optics  is  needed  to  transform  the  circular,  pulsed  laser  beam 
into  a  thin  light  sheet.  The  specification  of  the  transmitting  optics  depends 
on  the  diameter  and  divergence  of  the  laser  beam,  the  measuring  distance  and 
the  thickness  and  width  of  the  laser  light  sheet,  as  required  for  the  exper¬ 
iment.  Some  configurations  have  been  discussed  in  the  literature  [2,6].  Our 
solution  is  sketched  in  Fig.  3.  First,  the  laser  beam  is  expanded  to  a  diameter 
of  appr.  50  mm.  A  combination  of  different  cylindrical  lenses  is  used  to  shape 
a  thin  light  sheet  with  an  almost  uniform  thickness  at  the  location  of  the  flow 
field  under  investigation.  The  resulting  light  sheet  is  appr.  70  mm  wide  and 
0.5  mm  thick;  the  distance  between  laser  and  flow  is  about  2-3  m. 

Flow  facility 

The  feasibility  study  was  carried  out  in  a  low  turbulence  windtunnel  with  a 
test  section  of  0.3  *  l.S  mJ  .  Here,  problems  as  'seeding  the  flow  in  a  wind- 
tunnel'  or  'aligning  the  optics  in  a  noisy  environment'  could  be  studied.  The 
result  of  this  part  of  the  investigation  was,  that  it  is  possible  with  our 
laser  system  to  use  PIV  in  the  low  turbulence  windtunnel  for  recording  of  a 
flow  field  of  appr.  30  *  7  cm*  at  flow  velocities  up  to  20  m/s. 

In  a  second  step  further  testing  and  optimization  of  the  experimental  set-up 
(transmitting  optics,  i.naging  system,  photographic  material  and  development 
process,  reconstruction  optics,  image  processing  algorithms)  was  necessary 
This  could  be  also  done,  utilizing  a  smaller  flow  facility  which  would  be 
always  available  to  us,  in  contrast  to  the  windtunnel.  Therefore,  we  used  a 
jet  flow  facility  with  different  nozzles  in  front  of  a  plenum  chamber  with 
anti-turbulence  grids  and  flow  silencers,  supplied  with  pressurized  air 
Three  important  flow  types  can  be  studied  simultaneously:  laminar  flow  in  the 
potential  core,  wave  like  motion  in  the  mixing  region  of  the  jet,  where  the 
shear  layer  rolls  up,  and  turbulent  flow  at  a  distance  several  diameters 
downstream  of  the  nozzle. 

Tracer  particles 

It  must  be  emphasized  that  for  all  measuring  techniques  using  tracer  particles 
(e.g.  LDA  or  L2F)  it  Is  difficult  to  seed  the  flow  properly.  This  is  supported 
by  the  fact  that  one  complete  paper  at  this  meeting  is  related  to  this  topic 
[7]. 

For  PIV  experiments  we  could  rely  on  the  experience  made  in  our  group  when 
using  a  laser  Doppler  anemometer. 

The  aerodynamic  diameter  of  a  particle  determines  how  accurately  a  particle 
caui  follow  an  abrupt  change  of  fluid  motion.  Large  particles  need  some  dis¬ 
tance  to  reach  again  the  velocity  of  the  fluid.  Therefore  small  particles  are 
desirable.  However,  a  compromise  has  to  be  found  because  smeller  particles 
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scatter  leas  light.  Our  particles  are  produced  in  a  Laekin  nozzle  [8}. 
Pressurized  air,  injected  in  com  oil,  leads  to  the  formation  of  small  oil 
droplets.  The  diameter  of  the  droplets  had  been  measured  in  an  aerodynamic 
particle  sizer  and  was  found  to  be  of  the  order  of  1  yn.  Such  particles  were 
thought  to  be  sufficient  for  our  PIV  experiments. 

Another  important  problem  is  to  find  a  location  in  the  windtunnel  where  par¬ 
ticles  can  be  inserted  in  the  flow  without  disturbing  the  flow.  In  the  case 
of  the  nozzle  experiment  the  particles  are  inserted  in  the  settling  chamber. 
The  jet  is  completely  seeded  with  particles  (see  Fig.  4a).  It  is  also  neces¬ 
sary  to  seed  the  air  surrounding  the  jet,  in  order  to  have  enough  particles 
in  the  entrainment  region  of  the  jet  (Fig.  4b). 

For  large  windtunnels  it  was  found  necessary  to  insert  the  particles  in  the 
settling  chamber  upstream  of  the  grids  in  order  not  to  disturb  the  flow.  As 
the  particle  generator  does  not  deliver  enough  particles  to  seed  the  flow 
completely,  one  has  to  traverse  the  particle  generator  in  the  settling  chamber 
to  seed  only  those  streak  lines  which  -  later  on  in  the  test  section  -  will 
pass  through  the  measuring  plane.  This  is  not  a  simple  task,  because  due  to 
low  frequency  disturbances  in  the  windtunnel  the  streak  lines  are  not  constant 
in  time. 

Imaging  system 

The  light  scattered  by  the  particles  is  recorded  in  a  plane  parallel  to  the 
light  sheet.  For  the  recording  of  the  scattered  light  we  use  -  as  it  was 
available  in  our  laboratory  -  a  35  mm  camera  with  a  f/2.8  -  60  mm  lens  with 
Kodak  Technical  Pan  2415  film.  A  typical  value  of  the  diameter  of  a  particle 
image  measured  on  the  photographic  plate  is  15  ym  (i.e.  diffraction  limited). 

With  a  flow  velocity  of  about  100  m/s,  a  magnification  of  the  camera  of  1:3, 
and  a  time  delay  between  the  two  laser  pulses  of  4  ysec  the  distance  between 
the  two  images  of  an  particle  on  the  negative  is  about  130  ym.  As  an  example 
Fig.  4a  and  b  show  two  different  PIV  recordings.  The  nozzle  can  be  seen  on 
the  left  side  of  the  photograph.  The  external  seeding  (Fig.  4b)  in  the 
entrainment  region  of  the  jet  was  carried  out  by  injecting  the  particles 
through  borings  in  a  small  tube.  This  process  is  not  optimized,  as  still 
clusters  of  particles  can  be  seen  in  the  entrainment  region. 

Depending  on  the  number  of  particles  within  a  unit  area  on  the  photographic 
plate,  different  density  regimes  are  distinguished  [2' 


(i)  At  a  very  high  density  of  particles  one  observes  speckle  patterns 
instead  of  individual  particle  images.  Laser  speckle  photography  is 
extensively  used  in  solid  mechanics. 

(ii)  For  fluid  mechanics  problems  a  medium  density  of  particles  is 
desired,  where  the  image  of  an  individual  particle  can  be  detected  on  the 
photographic  plate.  Correlation  or  Fourier  methods  are  used  to  evaluate 
the  flow  velocity.  This  will  be  described  later. 

(iil)  In  the  low  density  case  the  average  distance  between  the  particles 
la  greater  than  the  distance  the  two  particles  travel  between  the  two 
pulses.  It  is  possible  to  identify  the  particle  image  pairs  and  to  measure 
the  distance  between  the  two  particle  images  by  means  of  image  processing 
methods.  However,  this  type  of  evaluation  requires  a  high  computer  capac¬ 
ity. 
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DATA  REDUCTION 


Before  starting  with  data  reduction,  it  proved  to  be  advantageous  to  reduce 
the  film  noise  of  our  double  exposed  photography  (high  transmittance).  Thus, 
a  contact  copy  was  produced  on  high  contrast  photographic  material.  This  pro¬ 
cess  is  explained  e.g.  in  (9). 

The  particle  concentration  in  our  experiment  was  in  the  medium  density  range 
(see  Fig.  4a  and  b) .  Therefore  the  Young's  fringes  method  was  chosen  for  data 
reduction.  The  beam  of  a  He-Ne  laser  is  focused  on  the  contact  copy  of  the 
double  exposed  photographic  plate  (see  Fig.  5).  Each  combination  of  particle 
images  within  the  interrogation  spot  of  the  laser  beam  forms  a  system  of 
interference  fringes.  As  the  particles  are  distributed  randomly  in  the  flow, 
most  interference  fringes  will  be  averaged  and  contribute  to  a  constant  noise 
level.  However,  those  image  pairs  which  are  due  to  the  first  and  second 
exposure  of  particles  which  all  propagated  the  same  distance  and  in  the  same 
direction  during  exposure  will  result  in  interference  fringes  of  the  Bame 
fringe  spacing  and  fringe  orientation.  These  fringes  will  add  up  and  produce 
a  fringe  pattern  from  which  the  displacement  vector  can  be  calculated.  The 
fringe  spacing  is  inversely  proportional  to  the  distance  between  the  two 
images  of  each  particle.  The  orientation  of  the  fringes  is  perpendicular  to 
the  direction  of  the  movement  of  the  particles. 

Examples  of  fringe  patterns  are  given  in  Fig.  6a  and  b.  These  patterns  were 
obtained  by  interrogating  image  pairs  shown  in  Fig.  4b.  Different  flow 
velocities  and  flow  directions  at  two  different  interrogation  spots  in 
Fig.  4b  yield  different  fringe  spacing  and  orientation  in  Fig.  6a  and  b.  It 
is  obvious  that  -  when  using  Young’s  fringes  method  -  the  flow  velocity  is 
averaged  within  the  area  illuminated  by  the  He-Ne  laser.  If  all  particles  move 
with  the  same  speed  in  the  same  direction  a  rather  sharp  fringe  system  with 
high  contrast  is  expected.  In  the  case  of  turbulent  flow  where  flow  velocity 
and  direction  are  not  constant  within  the  interrogated  area,  it  is  possible 
to  get  information  on  the  turbulence  level  by  evaluating  the  local  visibility 
of  the  fringe  pattern  (10). 

The  remaining  problem  is  to  obtain  quantitative  values  for  the  spacing  and 
orientation  of  the  fringes.  This  can  be  either  done  by  measuring  the  density 
profile  along  a  line  across  the  fringe  system  by  means  e.g  of  a  photodiode  or 
by  digitizing  the  whole  fringe  pattern  with  a  video  camera  and  an  analog-di- 
gitaL  converter  and  then  feeding  the  grey  values  into  a  computer. 

Several  evaluation  methods  are  discussed  in  literature  (e.g  1-D  averaging, 
averaged  autocorrelation  technique  in  (11J,  spatial  correlation  in  (2)).  In 
our  first  experiments  the  time  necessary  to  evaluate  the  velocity  at  a  single 
point  was  not  the  most  important  parameter-  Thus,  we  decided  to  take  the  full 
information  delivered  by  the  fringe  pattern  and  perform  a  rather  time  consum¬ 
ing  digital  2-D  Fourier  transform  to  obtain  distance  and  orientation  of  the 
fringes . 

An  image  processing  system  IPS  by  K0NTR0N  was  at  our  disposal.  16  image  mem¬ 
ories,  512  *  512  pixel  each,  with  8  bit  resolution  (256  grey  levels)  and  an 
additional  overlay  bit  were  available.  Image  processing  was  done  in  an  array 
processor.  The  host  computer  was  also  able  to  control  the  x-y  translation  stage 
on  the  optical  bench  where  the  double  exposed  negative  had  been  mounted. 

Image  processing  was  done  in  the  usual  manner.  A  kind  of  shading  correction 
was  carried  out  and  the  contrast  of  the  images  was  enhanced.  The  2-D  spectra 
of  the  fringe  systems  of  Fig.  6a  and  b  are  calculated.  Three  peaks  (bright 
spots)  are  found  in  the  spectrum.  Thee  2  three  peaks  have  to  be  discriminated 
by  image  processing  (see  Fig.  7a  and  b)  and  their  position  has  to  be  found. 
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The  central  peak  is  due  to  the  mean  grey  level  of  the  image.  The  two  other 
anti -symmetric  peaks  are  related  to  the  spatial  frequency  of  the  fringe  pat¬ 
tern.  Now  flow  velocity  and  direction  can  be  calculated  from  the  position  of 
these  two  peaks  with  respect  to  the  centre.  If  e.g.  a  reference  pattern  in 
the  plane  of  the  light  sheet  (without  flow)  has  also  been  registered  on  the 
film  and  is  processed  in  the  same  manner  as  the  double  exposed  photograph,  a 
geometrical  calibration  factor  (magnification  ratio  of  the  imaging  system)  is 
obtained.  Knowing  the  exact  time  delay  between  the  two  pulses,  absolute  values 
of  flow  velocity  and  flow  direction  in  the  plane  of  the  light  sheet  can  be 
calculated. 

It  should  be  noticed,  that  because  one  does  not  know  which  particle  image  is 
related  to  the  first  and  which  to  the  second  light  pulse,  the  sign  of  the 
velocity  vector  cannot  be  determined.  One  possible  solution  of  this  problem 
(i.e.  translation  of  the  photographic  material  between  the  two  exposures)  is 
indicated  in  (4). 

The  parameters  of  the  recording  and  the  evaluation  process  must  be  carefully 
selected: 

•  The  time  between  exposures  is  given  by  the  maximum  permissible  displace¬ 
ment  of  the  particles. 

•  The  particle  displacement  on  the  photographic  material  must  be  less  than 
the  diameter  of  the  interrogating  beam. 

•  The  particle  concentration  in  the  flow  must  be  small  enough  to  avoid 
speckle  patterns. 

•  The  number  of  particles  within  the  interrogated  area  must  be  high  enough 
to  yield  evaluable  Young's  fringes. 

•  The  particles  must  not  leave  the  light  sheet  between  the  two  exposures. 
(This  would  lead  to  a  higher  noise  level  when  using  the  Young's  fringes 
method . ) 

Details  for  those  considerations  are  given  in  (1,2  and  6). 


EXPERIMENTAL  RESULTS 


The  final  result  of  the  evaluation  of  a  PIV  recording  should  be  a  plot  of  the 
two  dimensional  velocity  field  where  at  each  interrogation  spot  a  small  arrow 
indicates  magnitude  and  direction  of  the  2-D  velocity  vector,  e.g.  in  (1,31- 

As  the  development  of  our  PIV  system  is  still  in  progress,  up  to  now  no 
recordings  have  been  compLeteLy  evaluated  quantitatively.  , 

For  the  experiment  with  the  nozzle,  the  jet  exit  velocity  is  well  known.  Thus, 
the  flow  velocity  measured  close  to  the  nozzle  and  the  calculated  velocity  can 
be  compared.  Good  agreement  was  found  for  jet  exit  velocities  up  to  100  to 
200  m/s.  It  was  even  possible  to  obtain  evaluable  recordings  at  a  Mach  number 
of  1.  However,  the  aerodynamic  behaviour  of  the  particles  has  to  be  checked 
prior  to  presenting  flow  velocity  data  in  this  velocity  range.  Therefore  we 
will  give  some  results  obtained  at  lower  flow  velocities.  Fig.  8  shows  the 
variation  of  the  magnitude  of  the  instantaneous  velocity  on  the  jet  center  line 
with  increasing  axial  distance  from  the  nozzle  for  three  different  nozzles. 
For  small  distances  from  the  nozzle  (up  to  1  or  2  diameters)  a  nearly  constant 


flow  velocity  is  found.  For  greater  distances  from  the  nozzle  exit  (x/D  2  8) 
the  flow  velocity  decreases  due  to  the  spreading  of  the  jet.  In  the  range 
2  S  x/D  £  8  fluctuations  of  the  instantaneous  velocity  are  found.  This  is 
related  to  the  rolling  up  of  the  shear  layer  and  the  on-set  of  turbulent  motion 
at  the  end  of  the  potential  core  at  x/D  s  5. 

Figures  9a  and  b  show  the  x-and  y-component  of  the  instantaneous  velocity 
vector  on  the  center  line  of  the  7  mm  nozzle  as  a  function  of  the  axial  dis¬ 
tance.  The  corresponding  PIV  recording  was  shown  in  Fig.  4b. 

The  y-component  (perpendicular  to  the  jet  axis)  fluctuates  around  zero  with  a 
maximum  velocity  of  15  m/s  to  either  side.  The  x-component  shows  -  as  a 
function  of  the  distance  from  the  nozzle  -  a  similar  behaviour  as  the  magnitude 
of  the  velocity  vector  (Fig.  8). 

Fig.  8  and  9  can  only  give  an  impression  of  the  kind  of  results  which  can  be 
expected  when  using  PIV.  The  quantitative  correctness  and  the  significance  of 
the  data  has  to  be  proven  in  near  future  when  a  larger  number  of  recordings 
have  been  evaluated. 

The  fluctuations  of  the  velocity  vector  do  not  seem  to  be  related  to  a  lack 
of  accuracy  but  rather  to  the  fact  that  only  a  short  time  interval  of  the 
history  of  the  flow  field  (4  ysec)  is  observed.  Exact  values  for  the  error  of 
our  velocity  data  cannot  yet  be  given.  Some  considerations  on  this  topic  have 
been  discussed  in  (12]. 


OPERATION  OF  PARTICLE  IMAGING  VELOCIMETRY  IN  WINDTUNNELS 


From  the  experience  we  gained  by  "-ur  experiments  and  from  the  information  given 

in  literature  we  see  the  following  main  problems  for  the  operation  of  PIV  in 

windtunnels : 

•  Particle  size.  For  higher  flow  velocities  or  abrupt  changes  of  flow 
direction  (e.g.  vortex  core)  even  smaller  particles  are  necessary.  Howev¬ 
er,  less  light  is  scattered  by  smaller  particles. 

•  Seeding.  Disturbance  of  the  flow  by  the  seeding  apparatus  must  be  avoided. 
A  location  within  the  flow  for  the  insertion  of  the  particles  must  be  found 
which  ensures  that  the  particles  pass  through  the  measuring  area.  It  is 
very  difficult  to  bring  particles  in  flow  regions  with  high  accelerations 
(e.g.  vortex  cores). 

•  A  homogeneous  distribution  of  the  particles  within  the  flow  field  would 
be  desirable.  However,  due  to  the  fluid  mechanics  of  the  object  which  is 
under  investigation  (eg.  vortex  core,  boundary  layer)  this  is  not  always 
possible . 

•  The  velocity  range  is  limited  by  the  time  interval  between  the  two  expo¬ 
sures  (small  velocities  need  large  time  delays  to  obtain  high  accuracy; 
high  flow  velocities  need  short  time  delays).  If  the  velocity  range  is  very 
large,  one  observes  areas  on  the  recorded  image  where  the  displacement  of 
the  particle  images  is  too  large  or  too  small  for  evaluation  with  the 
Young’s  fringes  method. 

•  Accessibility  of  the  windtunnel.  The  windtunnel  must  have  windows  for  the 
light  sheet.  It  must  be  possible  to  transmit  the  laser  light  sheet  to  that 
plane  where  the  measurements  shall  take  place.  (Fiber  optics  would  help 
to  overcome  these  difficulties).  The  recording  plane  (camera)  has  to  be 
parallel  to  the  light  sheet. 


•  To  enlarge  the  width  of  the  light  sheet  a  more  powerful  laser  would  be 
necessary.  The  development  of  more  sensitive  photographic  materials  or 
e.g.  more  sensitive  video  cameras  would  be  a  possibility  to  have  a  larger 
light  sheet  with  the  present  laser  power. 

•  To  obtain  sharp  images  of  the  particles  on  the  film  the  distance  from  the 
camera  to  the  light  sheet  has  to  be  adjusted  in  the  order  of  half  a  mil¬ 
limeter.  This  cannot  be  done  by  visual  inspection  at  the  view  finder  of 
the  camera.  An  automatic  alignment  procedure  would  be  less  time  consuming. 

•  Whereas  the  time  needed  for  recording  the  flow  field  is  in  the  order  of 
microseconds  the  time  necessary  to  compute  the  2-D  velocity  vector  at  a 
single  point  is  of  the  order  of  a  minute  with  our  system.  For  standard 
use  faster  computers  would  be  necessary. 

•  When  comparing  results  obtained  by  PIV  with  velocity  data  obtained  with 
hot-wires,  pressure  transducers  or  laser  Doppler  anemometers,  it  has  to 
be  considered  that  PIV  measures  the  instantaneous  flow  velocity  within  a 
very  short  time  interval  of  some  microseconds,  whereas  -  using  the  other 
methods  -  the  flow  velocity  (at  a  single  point)  is  averaged  for  at  least 
some  seconds.  This  explains  why  e.g.  in  turbulent  flows  a  single  PIV 
recording  cannot  provide  data  on  mean  velocity  or  higher  order  moments 
with  the  same  accuracy  as  known  from  the  other  methods. 

However,  PIV  is  to  our  knowledge  so  far  the  only  method  with  which  it  is  pos¬ 
sible  to  obtain  data  on  the  2-D  velocity  vector  within  a  complete  flow  field. 

Short  comings  as  mentioned  in  this  chapter  must  be  tolerated. 

In  our  feeling,  PIV  is  a  new  technique,  which  has  enough  possibilities  for 

further  development.  In  future,  PIV  will  give  a  helpful  contribution  at  the 

investigation  of  a  great  number  of  fluid  mechanics  problems. 
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Fig.  6  Intensity  distribution  of  Young's  fringes  related  to  a  flow  with 
a)  Flow  velocity  :  80.8  m/s;  b)  Flow  velocity:  67.1  m/s 

flow  angle  :  -1.2  deg.  flow  angle:  -38.2  deg. 


Fig.  7  Discriminated  peaks  of  2-D  Fourier  spectrum  of  the  fringe  pattern  of 
a)  Fig.  6a  b)  Fig.  6  b 
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Fig.  8  Example  for  the  evaluation  of  PIV  recordings. 

Instantaneous  flow  velocity  on  the  jet  center  line  for  three  different  nozzles 


X/D 

Fig.  9  Evaluation  of  the  PIV  recording,  shown  in  Fig.  4b. 

X-  and  Y-component  of  the  instantaneous  velocity  vector  on  the  jet  center  line 
(nozzle  diameter  :  7  mm) 
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DISCUSSION 


M.  UG.Ottfidd,  UK 

According  to  your  process,  you  take  the  Fourier  transform  of  the  particle  field  to  get  a  fringe  pattern  and,  then,  the 
Fourier  transform  of  the  Fourier  Transform  to  get  the  three  dots  figure.  What  would  happen  if  you  would  examine  the 
original  particle  pair  images  to  get  the  velocity  directly  without  processing  by  a  double  Fourier  transform? 

Author’s  Reply 

You  could  do  it  if  the  particle  density  is  low  because  in  this  case  the  particle  pair  identification  is  easy.  But,  for  higher 
particle  density,  you  cannot  easily  distinguish  between  particle  pairs.  Processing  by  optical  Fourier  Transforms  allows, 
in  this  case,  to  get  a  mean  value  of  the  velocity  vector  in  a  measuring  volume  corresponding  to  the  diameter  of  the 
illuminating  beam,  even  including  a  certain  number  of  the  particle  pairs. 


M.L.G. Oldfield,  UK 

When  I  look  at  your  image  of  the  particle  field,  I  see  a  number  of  three  point  systems.  Are  they  different  particle  pairs  or 
are  they  false  image  of  one  particle  pair? 

Author’s  Reply 

I  am  not  quite  sure.  You  must  attentively  examine  the  particle  field  in  order  to  identify,  surely,  particle  pairs  and  false 
images. 


P.Bryanston-Cross,  UK 

What  is  the  limit  for  high  speed  with  this  technique? 


Author’s  Reply 

I  think  that  it  is  only  a  problem  of  time  interval  between  laser  pulses.  As  example,  for  a  recording  at  Mach  number  1.1, 
we  had  pulse  separation  of  about  3  or  4  ps.  It  is,  for  the  moment,  our  lower  limit  due  to  electronics,  but,  as  we  have  two 
separate  laser  oscillators,  I  don’t  see  a  problem  to  have  a  shorter  time  interval  between  pulses.  Of  course,  if  the  pulse 
length  of  an  individual  laser  pulse  is  60  ns,  it  corresponds  to  a  lower  limit. 
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